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PREFACE

In” my view, there is a gap in the information which is
available to the novice builder of & small computer
system. While considerable information s anvailable
concerning the generalities of how a computer works,
how to program & computer and the like, details
concerning the construction of & singls, specific system
are scarce. This book is intended to fill at least part of
that gap. We'll proceed step by step through the
implementation and application of an effective and
eagy-to-work-with microprecessor, the MOS Technalogy
6502, Aside from the 8502, only standard, inexpensive
CMOS and TTL integrated circuits are used in the basic
system, In that way, we can ses and understand as much
detail as passible.

Just -as there i3 & gap in the information which is
available to the nowvice; there is also a gap in the
hardware which is used in the typical beginners’ system.
We'll see that the mucroprocessar is an  extremely
powerful tool once it's provided with instructicns and
other information. However, getting those instructions
andl the ather information into the system so that we
can use the power of the microprocessor can be a
problem. With a'set of toggle switches we can enter one
word at a time, but the process is about & tedious as it
is inexpensive: And thet's particularly true if one of the
instructions is incorrect 50 that the microprocessor
erases the instructions instead of using th.grn] Orther
possibilities include a keyboard and even a Teletype THM
We can put information into the system more rapidhy
with either, but the possibility of accidental erasure still
exists, and a3 TeletypeTM. ot thic tima, costs about
S900.

Cur initial approach will be less conventional. We'll






The Digital Computer
There are many ways
1o describe-a digital com
puter. For our purposes,
Fig. 1-1 is a useful regre-

sentation. We describe:

thi computer ds a device
which accepts. numbers
fram the outside waorld
via can input device —
perhaps-a keyboard, a set
of switches, or even fram
memery as Aumbers
which have  praviously
been stored there. Thea
camputer performs some
sort of predetermined
manipulations in the
microprocessar according
to aset af instructions {a
program| which is stored
im memary. The gom:
puter then sends aumbers
back to the outside world
via an output device —
perhaps:a Teletype prine-
&F, & TV display, er in
another way which: we'll
find Gseful: a solid state
switch, & control panel
provides the means for-an
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Chapter 1
Introduction

DpEGALeY LG Superyise the
system,

Fig.: 11, in fact, s
essentially & block dia-
gram of our basic system,

Cwearvigw of Our Task

I the Firse part of the
baok we'll be concerned
with the design and con-
giruction of the basie
systerm. We'll -alsa learm &
little about progeamming
it

Since the language of
the compuier is numbers,
our first order of business
i 1o understand the
formis that these numibers

can take-and the sort of
mianipulations which gan
be. performed: on and
with them. Then, having
learned g little about the
numbers  themselves
we'll study the propertics
of a few specific digital
integrated circuits that
will Be ussd in our sys
tem and see how basic
mdnipulations can be per-
formed by using them.
Because the expanded
varsion af our system will
contain  lingar a5 well as
digital 1=, we'll also take
time to Examing the
operational amplitier {op
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of a digital compurer.

amp) and some of the
circuits in° which i’
used,
To begin putting our
systern’  together, we'll
buitd the contral pangl
amd ‘power supply.
Having aceamplished
this;, we'll huild & rather
uncomventional  memary
— & diodeimplamented,
plugsing mermary., 1t will
altow' vs to- guickly and
easily communicate with
the system before we add
& keyboard of any other
input davice: We'll be
able o plug wards into
memory A we please.
This allows us 1o examine
or change its Contents
easily, ‘ard  avords the
problem of volatile data.

Ta reach the first pla:
1eaw af our systerm, we'll
add a third elernent — the
MOS Technology G502
microprocessor.  We'll
spend & little time dig
cussing  the 6502 and



then assemble it and one

or two other ICt inta a

working  configuration,
completing our basic

We'll examing some.
basic instrections and see
how theyre combined
into 2 working program.
We'll iwrite ‘some wery
simple. programs  and
watch as the computer
perfarms them, ong step
at a time and themn at full
speed.

'Iri'!prou’rr!ig_ our skibls,
adding more  hardware,
and programming  the
computer to do some
useful tasks isthe subject
of the second part q.f thie
bk,

We'll add some con-
sentional random-access
memery toour eollection
~of hardware, and - then
write @ program which
will cause the computer
e key the output of a
I:W transmitter with a
predetermined  message.
We'll add a circuit which
will accept -3 number
“from the computer and
provide a related analon
voltage a5 an outpot {a
O/A — digitalto-analog
converter], Lsipg this cir
cuit, we'll see how the
mmputer will function as
“a signal generator. We'll
add an /D converter
~and digital display so that
WWE CEm use the system as
& digital velimeter, We'll
add a Igﬁ'fﬁqard and pro-
gram the system to func:

tion as a CW keyboard,
Finally, n order 1o pro-
vide permanent storage
for our programs, we'l
add ‘some  conventional
read-only memory.

In-the third part of the
book we'll consider ather
applications. for which
the systern might be
used, and how the system
might be expanded.

Construction Technigues

Any of several meth:
ads of construction likehy
will produce a trouble-
free system. Probably the
simplest method s to usa
the printed-circuit fay-
outs. which) are included
in this baok, MNone in-
valve doubie-sided boards
{even though they would
be smialler) so that all can

be made 0 the home
warkshop:
Blterpatives include-

wire-wrapping, and using
prototype boards whick
are available from the
usual mail-order houses.

Two: schaols of
thought are currently’ in
VRgUE concerning the use
of sockers for 1Cs My
owr opinion i that if
the builder plans o do
much experimenting
-after the systerm is bullt,
gpgk:_ets s_huu!d be used.
An 1€ gan't be ruined i
it teEmpaorarty  upplug
ged  from cthe  system.
Socketz with gold-plaved
cantsets are preferable to

those with tin-plated con-

tacts. The latter tend o

oxidize after a time and
form High-resistance con-
nections:

Testing The System

As each part of the
system s buitt, we'll test
it separately. In this way
we. can catch small prob-
lerhs biefore they becoma
Rrgerones

Some sort of logic

probe of monitor s a
necessity, &An  oscillo-
scope was useful in de
bugging the design, bt

Shﬂ_q!d fmt ke an: ahsolute:
necessity if the circuits:

which are ‘described in
the book are used asis. &
valtmeter is needed for
c"a,iihra‘ﬁng one of the cir-
cuits in  the expanded
system.

ICs which are obtainad
fram reputabie rriail-
order howses are wsually
auite dependable. A good
rule of thumb is ta blame
the circuit rather than
the 1Cs; i & cireuit
doesn’t work,  Small
eracks in the foil of g

printed’ circuit board are

particalarly  decéiving, |
tried a half-dozen 1E5ina
particular circuit. before
it ozcurred to e to test
the continuity of a foil
run with an ehmmeter,
far exampie,

Just as we should al
Wiays suspect the circuit

rather than the individual
I1Cs, ance that cireuit has
worked properdy, e
should blame the pro-

-gram, rather than the cir

cuit if the program pro-
dures unex pected resules,
Even seasoned program-
TELS  gan't Wrilte error
frize. programs every time.
In that regard, 31l pro-
grams for which machine
code i5oshown in' thes
book  have béen com-
-pletely -debugged, Then
ton, i the process of
checking the proofs of
the book, edch code list:
ing was taken from the
praafs, entered into the
system and the program
WEs ru, N order to aveid

'In all’ projects of this
nature, @ source for at
teast one OF 1wo compo-
nents. is ustally hard to
find. Some helpful hints
are included in Appendix
I8, including information
an the availability of
pre-Tabricated, printed
circuit boards.

Veell then, that's what
well build and o el
build dnd test it I we're
careful and take our
time, well have no
serious problems. What's
as impartant, we'll
sequire the knowledys o
read the hobby literature
and be abie to expand
thie system inte a fairly
sophisticated configura-
tion.



Chapter 2
Basic Character
Representations

The fundamental [angiuage of COMDLUIErS & made wp of nuiribers: Before we cant hope to use 2 computer or
to undsrstand how one warks, we'll have fo leacn 1o Spaak the fanguage of bidary numbers and some of it5
dialects — hexadecimal, binary-coded decimal, and ASCIL That's sur alijedtive in this chapter,

The Decimal System
Although we want 1o
learn to  use binary
numbers, let's First
briafly examine the deci-
mial ‘systern. I doing so,
we'll learn about the
structure of & number
systerm and be ahle to
understand  the binary
system with less effare
The decimal system
uses ten digits: 0 throygh
8. Even with this limited
s5et, we gan write
numbers [(groups of
digits) which refer to
guantities that are as
large as we pleasa. We do
this by using 2 positional
notation. That is, whils
each digit. has & basic
miganing associated with
it, that meaning is-modi-
fieed by the pesition
which It oceupies in the
number, For  example,
gach *5 in the number
5555  has the same
meaning when faken

12

alone:. However, if we
consider the number as a
whole, then esch five hag
a different meaning. As
we move from right to
left in the number, each
five is understood to be
miultiplied by a succes-
sively higher power of
ter. That is:

BEE5 = 5x103 +'5:102 +
5107 + 5109

Since the left-most digit
is ‘multiplied by the
highest power of ten, we
call it the mosi signifi
cant digit. Similarly, the
righit-most digit 15 called
the lesst significant digit.
Since SUCCESSivE paWEers
of ten are used as multi-
pliers, we say that the
decimal system has 4 base
of ten.

The Binary System
While the decimal
systarm  seems: naturgl’”

o us, that's really only
because it's the first
system which we learned
1o use. In principbe, any
number ean be used as
the base of 8 number
system. The binary sys
tem uses 2 as a4 base. By
analogy to the decimal
system, only two digits
are nesded in the binary
system: O and 1, Thisisa
particularly comvenient
systemn 1o use in 3 com-
puter, since many devices
are two-state in pature, A
switch i -on or off, for
example.

We ‘determing the
value of & binary number
in the same way that we
determine the value of a
decimal  number, How-
ever, the multipliers dre
powers of 2 rather than
powers: aof 10. For ex
ample:

1010 = 1x22 ¢+ D22 +
1521 + 0x20

When there: is a pos
sibility of confusion,
we'll specify  the base

which we're using by a
subseript [decimal valug)
to the right of the
number. For example:

10112 = 1190

Binary-Decimal and
Decimal-Binary  Conver-
sion

We'll oceasionally
want to convert decimal
nombiers to binary and
viceversa, O the wwo
processes, binary-to-
decimal conversion is the
easier. We simply make
use of the definition of a
binary namber. Fer
example:
10102 = 1x23 ¥ w22+
127 + 020 =
810 + 01 + 219+ O1p =
1010

Ay binary: number can
e converted to the cor-



responding decimal
number by the same
PTOCESS.

Becimal-to-binary con-
version isn't much
harder. All we need is a
table. of the decimal
equivalents of the powers
af 2, as in Fig. 2.1, We
subtract. from . the deci-
mal number the highest
power of 2 that will re
‘sult ina positive {or zero)
remainder, make a note
of the power of 2 and
repeat the process on the
sUccessive  remainders
until thers s none. We
then construct the binary
number, For example,
let's convert 7B 1o its
binary equivalent, The
highest power of 2 which
we gan subtract without
causing & negative re
maindar is 26, or 64. The
remainder is 14, We sub-
tract 23 [8) from 14
leaving 6. We subtract 22
(4], leaving = We subs
tract 21 {2}, leaving 0.
Thus:

781 = 1x28 + ox105 +
Bx103 + 1x23 + 1x22 %
1%27 + 0x20 = 10011102

Arithmetic With Binary
Mumbers

As W Write computer
programs, we'll  occa
sionally need to do
birary arithmetic, Since
‘there are onky two digits
in the binary number
system, it's quite simple.

In hinary addition,
there are only three com-
binations:

1

1 B ; T

+. 1 1
T O feareed)
To add muolti-digit

215 . 37768

216~ GEEIG
Fig. 2-1, Decinal equiva-
lents of the powers of
fwva,

numbers. we proceed
digit-by-digit, making
carries as necessary, just
as in decimal - addition.
For example:

1

111

Similarly:

Frey il 1 1
1 T e
+ i e 2 | 1

L L T S =

8o much for addition:

We can perform binary
subitraction in maore than
one way. The method
we'll use makes use of
the fact that subtracting
ofe positive  number
from a second is equiva-
lert to adding the nega
tive of the first to the
second number, Subtrac-
tion thereby iz reduced
to addition, and the same
circuit within a compaiter
can perfarm both opera-
Tions:

The methed is called
the method of comple-
ments. To understand it,

let’s first examine the notation;

arithmetic, To do this,
we first have to consider
heow  negative  numbers
can be represented, Let's
restrict ourselves to, say,
four digits. 1f we start
counting at 0000, we'll
ewentually reach 9998,
and then D000 again.
Let’s use the first half of
our set of numbers as
positive, and the second
half as pegative, Since
99899 comes just before
0000, it's the smallest
negative number, as
shown iin Fig. . 2-2. To
subtract 1 from 3, for
example, we add 3 and
the egquivalent of -1:

H 151
0o G2 &
9391919 -1

Lgtglolsz 2

We: ignore the final carry,
since  we've restricted
ourselves to no  larger
than four-digit numbers,

A similar  table of
birary numiiers is shown
in Fig. 2:3. Note that the
reist significant digit of 2
negative number is 1 and
the most significant digit

A0
I
|
I
|
|

Fig. 2-2. Complementary
decimal -

method using  decimal  bers.

of a positive number is 0,
if we use this convention,

Ta subtract 0007 fram
0011, we add 0011 and
the equivalent of -Q007:

1

1 1=
gl el
1 il
==y

Again, we ignore the final
carry,

The negative equiva-
lent in the binary System
is called the twa's com-
plement. We obtain it by
first setting each digit of
the number to the oppo-
site walug, which pro-
duces the one's comple-
ment. We then increment
fadd 1 to] the ane'scom-
plement.

cennplement
oot 11010

increment
11010
+0001

11011

Thus, 00101 and 171011
represent the same value.

Binary rmultiplication
and division are per-

|

|

|

|

|
1000

Fig. 23 Complementary
natation; bigary -
ferrs.



formed in ways which are.

analogous 1o those used
in decimal arithmetic. In
general; we'll not need to
know how to do ither.

Except for a special case,

we'll not even congider
them further, The special
cage coneerns multiplica:
tion or diasion by an
intearal paweraf 2,

We recall that in deci
mal arithmetic, shifting
eachi digit of a number to
the- left one place cor-
responds 1o multiphying
the number by 10 Two
sieh shifts correspond to
mltiplicaton by 100,
and so on. Similarly,

shifting exch digit fo the

right  ane  place  corre

sponds too - dividing the

number by 100 In the
himary  system, shifting
the digits corresponds o
miultiplying or divicing

the npumber by a power’

of 2 Thus:

correspands 1o dividing

0101002 by 22 since

each digit is shifted two
plages.. Trailing, 0= ‘are
dropped. and leading Os
are supplied. Similarly:

110900
111701

corespands o division
by 4. In this case, sinee
the: pumber s negative,
leading s are supplied,
5085 to avoid converting
it toa positive’ number.
Mote: thet 1T the least
sigmificant digit of the
original number iz 1, the
number i odd and can’t
be divided by any in-
tegral power of 2,

We - perform  binary

T4

multiplication by an in:

tearal powsr of 2 by

shﬁtmgmh digit to the
left. This:

001100

d17000

carresponds: to mukti-
plying Gﬂﬂﬂﬂg by 21,
since each duglt us mrﬁéd
ongce: A trailing 045 sup-

plied and the leading O s
dropped, We have to be

careful when performing
multl.p!li;:atlan The muost
significant digit of the

result must be the same

as the most signiticant
digit of the original
number or we've dong
something. other than
mult:ply the pumber by
an integral power af 2,
For example:

1010
0100

1010
410

0110
1100

Gy
1210

In the second case, the
rasult is garrect provided
we'te: nat werking with
ten's complements;, in
which case the most sig
nificant figure mustbe'a
il

Logical Operations With
Binary Mumbers

It's possible for us 1o
get-by without knowing 2
lot about binary arith-
medis. However, there are

R = =R e
— e oo~ oohm
=R St Rt ] ]
e [

Fig. 24, Truth tabis for
A= A+8+0

ather operations on

Binary number:xwhizh we

mist thoraughly  under-
stanc it we'rs to. under-

stand  anything at all

‘about our system, These
upér&tmm are called
fogical ogerations.

The simplest logical
operation which we can
pnrfarm is the NOT or
znmubefmm aperation.
To perfarm it e simply
zst gach digit of a binary

number o its opposite
walue: The' NOT opera
‘tion
placing a bar over the

is signified by

number which 5 1o be
operated on: That is:
T=JandT=0

It we consider more
than just a single binary
number, otheroperations
arg - possible:. The first
which we'll axamine s
the OF operation. [ we
DR two one-digit
numbers, the result iz de-
fingtd as 1 if either one
digit ‘Br the other [ar
bath} is 1. Gtherwise, the
result is defined as 0

The operation can in-
volve as many digits as
wie like, For example, the
rasults for the  possible
combinations: of three
variables is shown in Fig.
24

Suchi-a table is called &

triuth table. 1t ecan be
‘summarized by writing:
F=A+B+E
The *'+'"" signifies the DR
QREeratien.
A E R
o 1] 1
o 1 1}
i 2} 1]
1 T

Fig, 25, Trath-ralale for
R=A%E.

“tion, wherg:

= b3
—m @

il
o
1
1
¥

Fig. 26 Truth table for
F=AnB.

A retated logical opera-
tion is the NOR opera-
NOR is &
contraction of NOT and
OR. The NOR operation
involies DRing the digits
and NOTing the result.
The truth teble for two
variables is shows in- Fig.

25 The: result s o _ﬂ"

either A or B is 1, other

‘wise the result is 1. That

i3t
H= E B E

When we discuss. the
design of the system,

we'll come across an 1G5

ealled a “two-input NOR
gate.” It's simply a devine
which pradieces 2 1.at the
output if both inputs are
o.

A refated logical opera:
tign is the EXCLUSIVE
— OR eperation.
abbreviated EQR, The
truth table for two wari-
ables is shown in Fig, 26
The result is T onky it one
of the inputsis 1. i bath

are 1z {or D), the result

15 0. That is:
R=A=B

Where' the begiee slgmhes
the EQR @peratb&n Well

s the EOR aperation

anly infrequently,
A logicsl operation
which we'll use quite fre-

e B
—gaalm

R
a
0
1}
1

Fig, 2-F. Trueh table for
H: A . B_

G R S —



‘quently is the AND
operation, The  truth
table for pwo variables is
shown in Fig 2.7. The
rﬂuh‘ is 1 only if bath A
‘and B are 1. That is:

R=AB

Wihere the "+ signifies
the AND operation.
We'll alsa encounter
the: NﬂND operation. As
‘the name implies, it's a
eombination of the AND
and MOT operations. The
“truth table for two war:
ablesis shown in Fig. 2:8.
That is, the result is aif
h’lﬂh B and B arec 1,
‘atherwise the result is 1.

A B R
& ] 1
13 1 i
1 o ]
1 1 0

Fig. 2-8. Truth table for
R=A -8

Till i, wa've applied
the logical cperations to
a single digit or groups of
digits. They alsa may be
applied to multi-digit
numbers: and -groups of
such numbers, The opera-
tian simply is carried out
digit by digit o onocor
responding pairs of
digits:

1010 = 0101

1010 + 1100 =1110

10705 1100 = 0110

1010 + 1100 = 1000

The Hexadecimal System

At this point we may
beain to feel that while
binary numbers may be
useful tol A computer,
they can be quite
cumbersome 10 humans,
Dur  computer will uss

eight- and sixteen-digit:

(one- -and vwobyte)

At a time,

binary  numbers, While
wee might be able to keep
track of eight 15 and Os
we'd  have

problems with sisteen.
The solution 15 to use-a
number system which has
more than just two digits
in its set of symbols. I
We use a pewm- of 2 s
the base, then transiation
te and frem binary
numbers will be quite
simiple. The hexadecimal
system is such a system.

Az its name implies, the

number sixteen is Used as

@ base. Sinece the base i¢

16, the set of symbals
must inghude sixteen dif-
ferent digits. For the first
ten, the - digits Zero
through nine are used.
Far the remaining six;

‘the first six letters of the

alphabet are wsed. The
first eightesen hexa
decimal nombers are
shiown in Fig. 2-9, along
with the corresponding
bimary amd decimal
numbers for comparison.

We could start fram

seratch and develop the

properties of the hexa
decimal system in the

‘saie’ way that we de-

velaped the properties of
the binary system, but

that's not necessary.
BECIMAL BIMARY
1] OO0
1 oeanT
2 OO
i 00081
-4 27 06
7] LR REY
] aa
7 BET
g BrIO00
q pioot
10 DRl
1 i
12 DA
13 DILOF
14 DG
18 R
16 10000
b LG

sets

Rather, we can discuss
the hexadecimal system
in terms of its relation
ship. to. the binary
SystE:

To write the hexa
‘decimal equivalent of a
binary number; we divide
the - binary number into
of four digits
‘starting with the feast sig
nificant digit. We supply
leading digits as neces
sary, 5o that the left-most
set contains four digits:
We then write the hexa

~decimal ‘digits which cor-

respond to gach group of
four binary digits. These
make up the hexaderimal
number. For example:

binary numiber:
01101010011 184
groupsat four digits:
0001 1010 007 1107
hexadecimal number:
1 A B DB

We'll. make continuous
use -of hexadecimal
numbers a5 we write pro:
grams for our computer,

Bimary-Coded Dacimal
[BCD) Mumbers

Even though our com-
pukEr wont be able o
use decimal  numbers,
there will be :times when
we'll want an cutput o

HEXADECIMAL

SR n Mo e e =

Fig: 28 First eighteen numbers (o thrse sysioms.

DECIMAL BCR

; 0000
0001
a1
LN
o100
0104
Dl
ST

| (RS
1301

Fig: 2-10, Thie BCD ru-
Hevs

- B SR R

bear some similarity to a
decimal number. For this
purposa, we'll use the
natural Binary  decimal
code. The: ten decimal
digits simply are repre
sented by their cor-
responding.  four-digit
binary numbers, as
shiown an Fig. 210,

Ta represent a multi-
digit decimal number, we
write the Ffour-digit
binary equivalent of each
decimal digit in wurn. For
examples

decimal number:
T4 &
BCD equivalent:
01171 0100 1000

BCD is'a somewhat in-
efficient means by which
to  répresent  numbers.
Four binary digits can
represent only  ten dif
ferent rILII'I'IbEI‘S in BCH,
wihile the sarme four digits
can represent sixteen dif-
derent Ginary numbers

The ASCI- Code

The final topic which
we'll consider. in this
chapter iz the ASCH
codi. 1t's the means by
which we'll be ahle 1o
exchange alphanumeric
information  with  our
System.

For example, the |etter
M isn't ineloded 6 any of

5









rized in the truth table in
Fig. 35,

INPUTS OUTPUTS -
A 1E 3
o (43 1 i} l.l,l:l
[ | g
1 o L0+ i
1 1 LR R |

Fig 35, Truth table for
decadar,

We can verify the table
by determining the states
of the inputs of each
AND gate a5 @ function
of the twobit input 10
the decoder circuit. For
‘example, outputd will be
high enly if both: inputs
B and B are high, Mo
oiher gutput will simul:

1aneuqsl_y b high, since:

at ieast oneinput to sach
of the other AMND gates

will be low when inputs

& and B are both high.
Similar anakysis: for the
other autputs will com
pletely verify the table.

We symbolize 3 decad-
erasin Fig, 2-6; ]

Fr 36, Symbal lor &
dacader,

I gur system, Swe'll
use-a number of deced
ers, each contained in a
singte 1€, They'll be more
canplex than our exarm:
ple, though, decoding
four inputs to produce
Sixleen Bulpu s,

Ore of the characteris
ties of ur system is thiat
the warious madules com.
municate via ashared cir-
cuit, 115 used in much
the: same way 35 & tele

T8

phone mr;y—li'hg,_ T'hat_‘l_s'-,
only @ne device may

transemit on the cirouit at:
any diven

time.. The
remaining devices which
are capable of transmit-
ting must be electrically
disconnected: from  the
circuit at that time. Te

“aceomplish this, we con-

nect each device (which
transmitst 1o the eircuit

via a salid state switch..
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Fig: 87 Symbal for a
serlich state switch,

Typically, these are four-
bit - devices [four inputs
antd corresponding out
putsh. A contral input
provides the means 19
turn the switch en and
off. & symbol for the
solid ‘state  switeh i
shown-in Fig: 37

When the switch is
“an,"”  the resistance
between  an input and
corrgsponding Gutpulis a
few hundred Ohms, at
most. When the switch is
"off,” the resistance isat
least several hundred
rregehns:

Far the devices which
we've discussed, ‘the
states {logic levels) of the
outputs 3t any time de-
pend on the states of the
inpLts-at that same tire,
Additionally, wall need
dewices far which  the
states of the outputs de-
pend -also on. what the
states of the inputs Have
Bee.

One  such  device s
called a3 latch, or flip-
fiop, 11 has one or more
data inputs -and a corre

Fig. 3-8. Timing diagram for lateh.

sponding number of data
outputs. A ‘control lof
clopk) input provides the
link between a data input
and  the carresponding
ouwtput,. Data 5 trans.
ferred from' an input to
the output when an ap-
propriate sigrial is applied
o the control inpul
Once the state of the
output, has been Tup-
dated’’ in that way, it

ATU S FUT 7T T
AT A4 Pk Ta T

EATG K VPRI

Fig. 38 Swmbol for a
fatch.

can't changa again until
another signal is applied
to -the control input, re
gardless of what happens
at the data input,
Onesuch  deviee: s
called a levelsensitive
lateh, When the centrol
input i taken fooone
logic level, the state of
the: outpul is the same a3
the state of ihe input.
The  output tracks the

H

Ak 1

COVTAIC it ﬂ I

input. However, when
the control inputis taken
‘to. the other logic level;
the outpui retaing the
waiue that it has when the
transition occurs at the
control input.. The be:
havior of & latch with an
active-high control fnput
is shown in Fig. 3.8, A
syribol for the device s
shown in . 39,
Another storage ele-
ment which we'll use iz a
type D (data) Hip-flop.
its similar to the latch
which we_ just discussed,
but it's actuated in a
slighthy different wway. It
transfers data from an
input to the correspond-
ing outpul if response 1o
& transition frony one log
ic level to the other on
the contrel input The
output can’t be made 1o
track: thHe input contin-
uomsly a5 was the case
with the level-sensitive

lateh,
The behawior of 2
positive-edge triggerad

flip:flop iz shown in Fig:
3100 We ke the same
symbel-as for the level
sensitive latch, since the

§ BRI

ket _§_.

Fig. 3-13 Timing diagram for fip-flop.



type-number of the

device indicates which
sart it is.

These, then, are the

‘small-scale digital devices
which we'll use through-
- out the system, We'll also
use a Few  specialized
large’ scale devices on
particular  boards,  but
wee'll postpone discussing
thern wntil we examine
the particular circuits in
which they're used.

= U_.....-_;
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Fig. 371 A CMOS in-
verter,

Families of Logic Ele
ments

The: large majority of
devices which we'll use'in
our system belong to the
CMOS family. As the
name implies, they are
implemented with MOZ
transistors. The C stands
for-complementary. Inan
inverter. for example. a
pchannFJ MﬂS transistor
arnd an n-channgl MOS
transistor — @ cemple
mentary pair — are coin
biried in one cirguit, a8
shewn in Fig. 3-71.

If & Righ level is ap
plied to the input, the
upper transiston is tumed
aff and the lower transis
tor s wrned on. This
clamps the output low.
Conversely, if a low level
1% applied to the input,
the output s clamped
high.

gt

Fig. 312, A TTL inverter.

Since MOS transistors
are voltage operated, the
eireuit which drives such
a device nesds supply
arly enough current o

charge er discharge - the.

input capacitanes of the
transistors.  When
transistors -aren’t  being

switchid, essentially no.

current flows in theinpet
cirguit. Lnder these con-
ditians, power dissipation
i measured in fractions
of & microwait per gate,
Bacaiizs: of this, most
CIMOS devices aren’t de-
signed: to source or Sink
currents of mare than a
e B s, i

In one application,
though, we'll nesd de
wvices which can tolerate
higher currents. For that
purpose, we'll use: merm-
betrs of the TTL
[Transistor-Transistor
Logich family. The eircait
ef gl JFETL
showa in Fig. 312

If the input is. taken
high, the hbassemitier
jumction of @1 is reverse
bigsed’ and no’ eurrent
flows through it The
base-collector junction of
O1 behaves as 4 forvard:
bigsed dicde.  Current
Hows: into: the base of
G2, tming it on. 10
turn, G3 §s turned on-and
04 is: turned off: This
clamps the output fo

the-

rverter s

within a few tenths of 3
valt of ground, A similar
analysis will indicate that
if the input is taken low,
the output will be high:
High in this case means
about 3.3 welts, since
there are severzl diodes in
the path between the 45
wolf terminal and the out
plt-terminal,

In contrast to. MOS
pramsistors, the bipolar
transistors whichare used
in TTL: devices are eur
rent operated. A steady
state current of 1.6 mA s
required in order to hold
the input of & mediom
pawer TTL gate fow, and
power dissipation s
measured in tensof milli-
watts per gate:

IT weuse devices from
just ane family, we dan't
have 1o be overly oon-
cerned with the charac-
teristics of the family.
However, if we intermix

CHMOS and TTL deviees,
we have to take differ-
erces into accolnt, Some
pertinent data are sum-
mirized in Flg. 313

Two types af devices
are- shown for esch
family. Most. of the
CMOS  devices  which
we'll use Fall into the
category of “gate” but
we'll use buffers for in-
terfaces to the resl world
and to TTL devices.

The: TTL - devices
which we'll use fall into
the category of low
power TTLILPTTL), The
characteristics ol medium
power devices ara shown
for comparison, betause
when we speak of TTL,
wi tsually medn medium
poweer TTLIMPTTL).

Frem the characteris-.
tics. which are shown in
Fig, 313, we can make
the Tollowing consenea-
tive generalizations about
miing families: )

1. An LPTTL or & regu-
far TTEL device will drive
many CMOS Lt prea.
vided that & pull-up resis:
tor s sed,

2,8 CMOS buffer will
drive’ twa MPTTL inputs
or & dozen or 5o LETTL
IpIL IS

3. A EMOS pate | will
deive an LPTTL input, |t

DS - T
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Fig. 3-13. Characteristics. of EMGS anel TTL delices.

Suppty woltages dre +5 Vs,
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weill nat. drive an MPTTL
m;m

A wig hentioned earli-
er, CMOS devices con-
sume very little power.

They alsa have other pra-

perties which make them
attfactive for our mm
Fer example,
rather slow comparad to
MPTTL devices {but not
that mugh slower  than
EFTTL devices). While
that may. saafn. ik a fimi-
tation, it's @ useful char
acteristic o us: Because

of it we can be. quma_
casual a’hn_ut the lengths-

and types of connections
which we make between

deviess. Flipflops can't

be falsely triggered by
high frequency noise be-
cause they can't react
qmckw Eriough. Reflec-
tions which are caused by

transmission ling effects

are simply  absorbed
during transitions be
cause the latter reguire a
relatively long. time to
complete;

Aba prammgl rule of
thumb, CMOS devices
can be operated at fre-
fguencies na higher than
about 2 MHz i +5 volt
power §s- used, AL that
freguency we can  use
canductors up to about
three feet long before we
have problems.

CI0S 1Cs also-are fair-
Iy insensitive toa
poerhy-regulated  power
supply, However, other
devices in our sysiem. do
reguire  well-requlated
poOwWer. Gince supplying
well-regulated power to
all devices is no. mare
difficult than supplying it
to just a few, we'll take
that .course. Because ef
all this, CMOS devices.are
the logical chalce for our

il

thu.':',.-r e

system.  Howeber, we’ll
have to be a little careful
in how we: handle the
HEs. ;

Because they are i

plemented vmth MGS
trans]s'tms CMOS devices.

are mmewhal sensitive o
static charges: While all
the de.-u.rnces wiieh  we'l|
5e rrjcgrpomaf sun'tesqrt
af  internal  protection
against static  discharge,
it's well o treat them
with Tespect. For
example, all EM@ﬁ ile-
wioes which 1've ever sgen
weré placed in a con
ductive tube, wrapped in
foil, or ingerted in con:
ductive: foan before shig-
ment.  It's extremaly
good practice to provide
such prnteer.n:an wihenever
the 1Cs-are not in place in
a cireuit. OF course, even

if an |C ig in place on a

PC beard, it mizy not be
acequately protected if
the FE board jtself is not
inserted in its’ own
socket,

A ground: lead should

be clipped 1o the tip of 3
soldering iron before the
iron is uged if any CMOS
devices are'in place in the
circuit,

1T wvie're reazonably
careful, we'll not have
problems, For example,

during the design and:

construction of the pro:
totype, only one CAOS
1 was ‘riired, dug 1o
reversed power leads,

At this point, we have
in hand st of what we
need toknow about digi-

tal 105 Let's ur mow e

a discussion of linear 1G5,

The Operational Ampli-
fier

The linear deévice
which we'll make use of

o .m

#
Fig. 314, The opers:

“tional smplifier.

in our system is the ap
amp. It's.a high-gain, high
input impedance,. differ-

ential amplifier. We rep-

resent it as a three term-
inal deviee (plus power
ﬁ'gnmct[unsj a5 showi in
Flg 314,

The. input terminal
which bears a negative
‘sign i3 called the inverting
input. The ather is called
1he non: inuertmg mpur
If we ground the ngn:
inverting input and apply
B negative voltage to the
inverting input, the out
put will swing positive
Camversely,  the ouiput
will swing negative in re-
sponse o a positive volb
age-at the inverting input.

Koy ol

Fig, 375 Develaprent
of & werking configera-
Han.

In Fig. 3-15tHe invert:
‘ing and moR-inverting in
PUTS are connected  toa
valtage divider and
qround, respectively. The
potential of the inverting
inpat, the potential dif-
ference of the two in:
puts, and the value of
Bgut are this determined
by the-relative values of
ein-ahd ey, end Rin-and
Rt. In particular, the i
WEFLing input i at ground
potential provided  that!

2in/ Rin= -2/ Hf

.Law o the mhgm divid-

as application Qf Eli_hm’a

er will show. I we make
Eiﬂ-'rRlFl »‘i'ighﬂk‘ mara
positive than e1}‘Rf then

the inverting input will

be shghtlj.r positive with
respect o gr;:unﬂ an;l
Baiat. will be negathfe with-
respect to ground and re-

latively large Simitarly, if

wie ke’ sjn/ Rip slightly
mare  negative ‘than
-&ﬁﬁf, then the. mvenmg'
input will bﬁslimﬂy neg-

‘ative and eque will be

positive and large.

Fig: 316, A warking eon-

figiration.

tn Fig, 316, the out

put of the amplifier s

cannected o ene end of
thevoltage divider. Ifej,
is.imitially Zero, equr i3
zero. 1Fwe make gy posi-
tive, the inverting input
will become positive and
eout. will Betome nega-
tive. But if gy becomes
ten negative, the. invert-
ing input will become
negative and gayy will be
come  pasitive,  As we
change i, Bgyy changes
in  response,  always
taking an & value which
will drive the potential of
the inverting mput to
zero. Thus, the working
equation for the design
Gf gp amnp  cireuits in
witich the non-inverting
outpritis-grounded 5:

egut = -R{AIRT ein
By Ohm's Law:
tin = “if
Thalt is, the current in the
teedback loop s egqual in






















Chapter 4
Introduction to
Microprocessor Systems

At this paint, we have in hend much of the basic information which we 'l need, We could understand how
fhe orreont boards whieh well build provide. their respective functions, . Howewer, we'd probaily mab
understand why the arious functions are pecessary. 1% appropeiate, then, To examing the basics of @
HErERaCESSOr SRS ey (0 are detar than was prowided in Chaprer 7,

Building Blocks

A bilock disgram of &
Basic systemn s shown in
Fig. 41

The microprocessor

(uP) miay be described as.

the “brain’ of the sys
tem, Its fundamentally
nathing more than @ eol-
lection af gates,

flip-flops; and other lagic:

elements, all Tabricated
together on one: chip.
The function of the uP is
ta carry aut & program or
et of instructions; lin
the form of a [list af
numbersh which we pro-
vide for it. For example;
2 simple program might
canse the uP 1o fetch pwo
numbers: fram the out
side. world, add them,
and, return the result ‘to
the gutside world.

The uPF contains an
oscillator, or elock, so
that all this-can be dons
in an arderly, timed and
synchronized  Seguercs.

In a Few words, that's
what uP does. How it
dees it is the material for
anocther book.

The biogk in the basic
systerm which halds the
program for the uP isthe
read-pnly nremory
{ROM). It may alss hold
other numbers which will
be operated on. |t makes
available  instructions. or
other numbers, one at a
tirme, on command fram
theuP.

The next blogk in the
systern. is the inpur mort,
The cireuit is made up of
latehes. and solid state
switches: The input ter
minals of the latches are
available to us so that we
can write & number into
the -latches. The outputs
of the latches are avail-
able to the uP wia the
solid state switches, The
uP can read the number
by simply turming on the
s tchas,

!
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Fig. 4-1. Block diagram of Basic systemn.

Mumbers are  gotien
ot of the system via the
next block, the cutbur
port, The cirolit is made
up of latehes into which
the uP can write a num:
bor. The sutput terminals
of the lztches are avail-
able to us.

The final bleck i our
basic system is. the con-
trol panel, |t exchanges
control signals with the
uP. Through it, we: can
supervise the operation
of the uP.

Paths for Communication

The warious blocks
communicate Wwith each
ather via three paths,
called buges. These are
nething mare than se1sof
leads which are named
far -the sort of signals
which they carry.

The  function of the
data bus Tor example, 15
#imost  self-explanaiory-

*



in Chapter 1, we des
cribed the computer asa
device. which ‘accepis
Nk fr:tari"l the outs
side: awoarld as apiits, op-
erates-on these numbers,
and provides numbers ta
the outside world as out-
puts. The data bus is the
set of leads over which
thege numbers travel,

OF course; if - the uP i
o handle numibers in an
arderly sequenice, it must
be cepable of indicating
from where’ the number
is 1o come or where it'is
ta go. The address bus s
the pathway by which
the P sefects a particular
source or destination.
The uf applies a number
[address) o the address
bus: Each biock [ROM,

input. port, or  ouiput
port]) which can exhange
numbers. with. the uP
examines that address,
The device which corre-

sponds te that address
then sither places a num-

ber on the data bus or
accepts the numbsr that
the uP has placed on the
daty bus, depending on
the nature of the device.

The nature (read oF
write]-and timing of such
operations s controlled
by signals which the uP
places on-the control fus.

O Basic Systam

Our basic syster will
eniitain essentially what's
shown in Fig. 4-1 plusa
power supply. The con-

tral panel, of amd ROM
each  oecupy individusl
circult beards, The: input
and sulpul ports are to:

‘gether on  one board,

Each board is built and
checked cut separately
before the: system is as-

_sermbbed:

In our system, thie gon-
tral bus centains pine
lines; ‘the address bus
containg. sixieen and tha

data bus contains eight.

The data lines are la-
beled D7 through DO
and the address lines are
labeled A 15 through:- A,
In each case; the line
which' iz {aseled O is the
least significant ling and
the ling which iz |zbeled
with the higher number is
the most significant line.

Since there are sixieen

address lines, up to

B5,536 individual devices

or locations in memary
can be addressed. For
reasons: which will be-
come apparent much
fater, we'll divida the
G5.536 addresses into
three groups. For ROM,
we'll reserve those ad-
dresses in. which both
ATé and ATS are 1. Far
input and autput deviess,
we'll reéserve thaoses ad-
dresses in . which either
AT4 or A1S [(but ot
bozhl is 1. Addresses in
which both A14.and A15
are O are reserved for 2
typs of memary which
we won't diseuss yet —
soccalled . “random-access
mgmoary ™.




The Pawer Supply

The first item of busi:
ness to consider in build-
g our system is the
power supply. We'll need
a variety of voltages to
power the system, and
these will be provided by
on-the-boerd  regulators;
Of eourse, we still must
grovide unregulated pow-
&1 g the regulators and
that iz the subject of the
first part of this chapter.

The circult which we'll
usa is shown in Fig, 5-1.
It provides three unreg:
ulated woltages: +10.5
and =17 volts.

The circuit s straight-
forward and  requires
little’ comment. Each
voltage is obtained by
bridge-rectifying the out-
put of an appropriate
transformear, The
1000-uF capacitors
charge 1o the peak value
of the rectified AC wave:

Chapter 5

The Power Supply

and Ba

Since the. transformers
provide 7.5 126, and
12,6 volts rms, the unreg
ulated outputs from the
supply are 105, 17 and
=17 wolts, respectively,

The 1 Ohm, five Watt
resistors limit the surge
of current which otours
when the supply s
turned an and the capaci-
tors are uncharged,

The 003uF 1KV
disk ceramic capacitors
protect the diode bridges

ckplane

fram transienis on the
power fine. At is brought
in wig a 3 wire plug and
each legis fused.,
Layout is not at all
critical. tn the prototype,

the layout: is  “early
rat’s-nest’’.
Verifying that the

POWET supply 5 warking
properly is a matter of
applying the smoke tast.
Plug it in and see if it
works! [If  good-quality
components are used and

FREN

o s
e el
| Ji ..;‘ﬂ.’__,_'f s -:j:r__,]?

CUTTTRE TR e P T s L

—_——e

TN e e
3 e

o

1) BSWET N R, & LD
TRAS R anaT -y

(BN T R T

B e

_:I_.,..,.,_% =
._l—'_lJ

LGl P RO
nERCRA L AR

=S 1

Fig. 5.1, Schematic diagranm of power supaly.

thie supply s wired care-
fully, there shoutd be ne
problem.

The Backplane

Dur campleted system
will consist of & number
of printed-circuit boards,
In the prototype, each
board is. plugged into a
socket on & master board,
or backpiane, It provides
mechanical ‘support and
electrical connectipns for
the ‘Hoards: Photographs
are shiown in Figs: 5:2
and ‘B:3. It was made in
twio halves since | didn’t
have: an  etching tray
which was large enough
to hold the entire board,

Mone of the fines an
the . backplane {except
ground) gonnect: directly
te: TTL 1Cs) Because of
this, it's possible that a
“backplane” could be
made simphy by bolting
the seckets to runners for
mechanical support.

28



Hookup wire would then
provide ‘electrical inter-
connections, Indeed, we

might dispense with the

backplane and sockets
altogether by stacking
the individial  boards
[spacers between) and
using hookup wire for
electrical interconnec-

Tians. NEiﬂ.‘I‘EF_Uf thess:
alternstivess has been

checked out, however:
Details of the back-
iplanie are shown. in Fig.
54, Mo privted gircuit
layout is provided, how-
ever. If printed circuit
boards “are. made by
photegraphic. technigues,
it's a simple matter to lay

aut a network of tape an

a mylar or scetate sheet.
and use that directly a5

the negative:. The proto-

typa. was produced in

exacthy that way.

Verifying that the

backplane works  pro-

perly i & matter of

checking for shorts be
tween the! varieus fines,
The wise builder will
ichigek - for shorts atter
gach socket is soldered in
place rather than waiting
until all have been addsd,
though. It's a very frus-
frating chore o remove
three or four sockets try-
ing. to find the one that's
causing a problem!

Fig. 5-3. Bottarn of backplamne,
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Fig. 54 Line assignments for hackplane:

The Debugging Bread-
board ’
A handy device for

troubleshooting may be

added to the backplane
at this time, It's 3 "de
bugging breadboard”,
Each sigral line in the
backpiane is brought 1o &
ProtoBogrd=
soGKEL, via hookup wire,
Ay fine can then be
manipulated as-necessary
in checking out Tndivid-
ual boards, or the state of
any ling-can be meni-
tored. The latter @5 Ao
complished by providing

OTEES

w4048 erter-bufier or
two ta  drive individual

I e

b AUEE e

Fig. 5-5. L ED: manitor.

LED:, a5 shown in Fig
5-5. Regulated power can
be thigved from: the
system, or a & volt Zener
diode can be used 1o ade-
quately regulate the un
renulzted power,







BSEY e

iPh A i)

Fig 6-3. Reset circuft.

the other is held high by
the output of the upper
gate. Thus, the output of
the lower gate i low (&
it must be to be consis-
tent - with  what's  said
above}. .

‘Tnee. the circuit is in
this state, we can remove
the +5 volts from point A
without affecting the
output of the circuit. In
fact, we pan do whatever
we like at point A with
no effect an the output,
since the lower NOR gate
will remain in the same
state'as long s gither of
its inputs is high, How
ever, if we then apply +5
volts at point B {+5 volis
removed Trom point &),
thie resilt is guite differ-
ent. The output of the
upper gate will go fow,
simoe ane of Msinputs has
been taken high. Both
inputs: af the lower gate

will then be low, hence
its output will ‘be high,.

The circuit s ther in a
sepond stable state with
the cutput of the circuit
lawe. Mow we can do any-
thing we like at peint B
with no effect on the
output of the circuit. In
shiort, the circuit provides
the: “hounceless” switch-
ing: action which wa
need, The circuit is uzed
as-is to control the reset
ling.

The second signal that
the contrel panel  must
provide to the GP is the
ready signal. When the

33

ready input of the uP is

taken high, the uP exe-

quites  instructions one
after ‘another, at full
speged. When the ready
inputis taken low, the uP
stops and does nothing
{at least in terms of exe-
cuting instructions),
Linfike the reset input,
the state of the ready
input must be changed.
anly in synchronization:
with the' internal timing
of the uP. For this pur-
pose {and others) the uP
makes available a
souare-wave, labeled 91,
A basic ground rule for
the 6507 uP iz that the
state of the ready input
should be changed only
when @1 is high. This
sugnests that we can use
an RS-flip-flop to control

the ready ling, Dy routing
@1 to one or the other
inputs of ‘the flip-flop,
depending on whether we
want to take the line high
or low. 11 further suggests
that if we can use ane @1
plilse o take the ready
line high and the next §1
pulse to take it low, then
we can work sur way
through @ set of instruc:
tions one s1ep ala tirme.
In thisway, we.can see in
detail how a given opera:
tign is accomplished,

Qe black-box for this
portion. of the cantrol
panel, then, sCoepts con-
tact closures from a
push-button {single-step)
and & toggle switch
{runstopl, and a pulse
train (@1, square wave) as
inputs, The output 153
logic level which depends
an: the . states of the
switches and which
changes only in synchro-
nization ‘with the pulse
train. A ciroit whichowill
accomplish this is shown
inFig:. 64,

In the lower portion,

o

|

ATH

we s an RS flipfop
which isdriven by 81, via
a pair of MOR gates con-
nected  as  inverters
(Since the toagle switch
which rautes 81 may be
located off the board, we

‘use the inverters te buff-

er the @1 pulse train be-
fore it leaves the board).
The output of the RS
Tlip-flog is applied 1o one
input of a MNOR gate
which, in turn; drives an
inerter, The gutput af
that inverter controls the
ready line.

Hegardless of what
happens in the part of
the - circuit  which
haven't discussed, if the
toggle switch is thrown
o run, the ready e will
be taken high. If it's
thrown to step, the line
may be taken low, but
whether it is or whether
it stays that way depends
upon the remainder of
the circuit.

At the upper left of
Fig. B-4; we seean RS
flip-flop which is driven
by +0 wolts wvia &

Ir—.vr-' W E:_}‘C::::: :;: mani '-':r ﬁn:?r
= 5E
-:' 5 odgod iz T wh-apia sk

(RN

Fig. &4, Ready circuit,
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momentary-centact
SPOT push-button, 11 we
push and then release the
push-button, we generate
& positive-going. pulse at
the output of the RS
flip-flop. This pos
itive-going  pulse is ap-
plied to the dlock input
of a 4013 pdsi
tive-edge-triggered type D
i‘l:pﬂqp Emc&i-Ew:rHs 5
apphed ta the D inpiit of
the 4013, » high level
appears atits a uumm in
response to the
positive-going edge of the.
pulse which was gener
ated by the RS flip-flog.
In turn, this high level is
applied to the D input of
the szecond 40713, The
second 4013 s triggered
by the positivegoing
edie of the nmext 01
pulse,  so that the high
level is passed from the D
inpiit ta the O output of
that 4013, This does twao
things. First, it takes the
ready ling high. Second,
it resets the first 4013,
This takes the 0 cutput

-
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af the first 4013 fow: In
turn;, that low level is
applied to the O input of
the sscond 4013, The
positive-going edge of the
next @1 pulse trigaers the
second 4013 passing on

the low level o the @

eutput of that 4093, Un:
less the togale switch has

been thrown to run, this:

takes the ready ling low.
A moment’s reflection
will indicate that the out-
put of the sscond 4013
will remain lowe until the
single:step push-bution is
activated again. -

The net result is that,
after the single-step push-
button. has been  de-
pressed, the first @1 pulse
takes the ready line high
and the next takes it low
again,

Link 1o Smail ME’E“W
As weve discussed, 0
the next chapter we'll
consteuct a small BOM
for our basic system, To
tie this memary inte the
EslEm, We must gonnect

capTabi
Rk,

Fix ALA

COMPLE MRS
(TR

Fig. &5 Contral eireuit.

it to the eight data lines
and eight 1256=28] lower
order address: lines, and
provide a signal to con-
tral the transfer of num:
bers from it Tying it 1o
the address bus and the
data bus is- ne problem.
We simply provide tie
points on the control
panel which are con-
nected to the buses. Pro-
viding @ control signal’ is
nat mueh mare difficult,
What's required is a signal
whicki indicates that the
uP expects to read the
contents. of a location
withinthe ROM,

One. output of the
6502 i the readdvrie
(RFW) line. If the 5502
expecis to read data from
the data bug, it takes this

line: high, Clearly, the
control  signal

ta the
ROM must take this into
account. Further, in
Chapter 4, we adopted
the convention that high
levels on address lines

A14 and A5 indicate

that & ROM is invaled.
Clearly, the control signal
te the ROM must alo
take account of the states

“of lines A14 and A15

The ROM transters
data to the data bus via
solikstate  switches. A
high level ta the control
input  of the switches
turns “them on. One way
ta provide a contral sig-
nal 1o the ROM, then, is
to AND the R/W line
with lines 814 and Al15.
This will tum on the

i

‘any  combination)

solidsstate switches when
the uP expects to read
from & location within
he ROM. I we don't
intand ever to expand the
ROM beyond 256 words,
this is an acceptable way
to generate. the: control
signal.  However, we'll
WVATH) 0 eonsider Bxpan-
sion in a later chapter, To
accommodate that pos
sibility, we'll include the
remaining  address lines
(AG through A13) in the
circuit, but we'll hedge a
bit regarding how they're

‘ingluded, The cireuit is

stown in Fig- 65, -
As we'd expect, the
R line and address
lings A14 and A15 are
ANDgd factually they are
MANDed and the result is
invertesd].  Address  lines
A10 through  AF3 or
their complerments in any
combination are also ap-
plied to the inputs of the
FAC30 NAND gate If a
nine-input  MAND gate
were available, we could
also apply AZ and A9
directly. Since one is not,
we  combine and apply
the latter two signals or
their complements  lin
by
means af the rémaining
portion of the eircuit.
Until we've gone be-
yond the basic system,
the jumpers: should be
placed as shown in Fig.
6:5. In that way, the
ROM is selected when
adedress lings A8 through
A15 {and the R/W linel
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are all high.

The complement of
the contral signal i alseo
provided. Az we'll see
later, this will be useful if
the systerm is expanded.

Power Supply

The final function
which the control panel
SErVEs 5 to provide +5
vt regulated power for
the basic system, & type
209K requlator is used in
the ‘circuit which s
shown in Fig. 6.6, Disk
ceramic, tantalum, and
electrolytic bypass capa:
citors are used: |n the
profotype, the regulator
was unstable o3 degree
unless gl were provided.

Construction

The fail side of the PC:
board and the compo-
nent layout arg shown in
Figs. B-7 and 6-8, respec-
tivehy.

Those whio choose one
ar the other alternatives
to PC board construction
shouldn't have sy major
problems. Buring the de
sign of the prototype, all
the Tunctions of the can-
trol panel were bread-
boarded. The omnly prob-
lems mvolved were due
o poor connections
solder blobs, and the like.

Regardiass of the
method of construction,
sockets should be wsed
for gl CMOE |05 Power
should be off when the
155 are removed orinsert-
ed, and they should be
protected: from static
charges when out of their
sockats,

Verifying Praper Opera-
tion

The on-beard regulazor
should be tested first, Wa

34
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Chapter 7
The Diode-Implemented
Programmable Read-Only Memory

In Chgpter 1, we characterized the typical small systerm as baing fedious or Expensrpe to communicate with,
We concliuded that, at fleast wihile our systern is small, we'll use & somewhal uniswal dewoe fo owareome s
shartcoming., The dewice, a dieds implemented programmabile read-only memaory (G1EROM), is.the subfect of
this chapter. It's a memory which we progrem mechanically By means of small PC cards, sach of which
CONERNE o Tare than a single etght-hit word.

The Basic |dea

The basic idea for the
design of wur DIPROM
comes from o an excellent
article by Robert
‘Cushman  in' Electronic
Design News: 1 He des
cribes some prefiminary
experiments with a B502
microprocessor and pre-
senis’ & partial schematic
far a sixteen-word
DIPROM. A schematic

ol
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which presents - Cush-
man's suggestion s
shiowm in Fig, 7-1.

Each data line is pulled
up to +5 volts via a 10k
resistar. Certain lings are
tied to the collectors of
transistors by means of
diodes, When the transis-
tors ‘are turned off, “all
gight data’ lines are high,
When either transistor is
turned on, those lines

o
- -I—-—-—lu-— —

[ =4
LA | i

| | | |
R AT = S T =
ki

no ' LT

Fig. 7-1. A Basic DIPROM,

whiich are tied o its.col:
lector are pulled fow. It's
important that we under-

stand that the lines can’t

be tied directly to the
collectors of the transis
tors, . That would short
the lines together, If we
use dicdes a5 shown, the
data lines ean be pulled
down by the transistors,
but-not by each other.
Far the circuit shiown,
turning on transistor 1
{enly} will produce 1011
1010 on the data lines
Turning en fransistor 2
{only] will prodice 1100
1110 an the data lines,
The transistors are
driven by a 4514
fowr-ling to siztean-line
decoder wia LEDSs. The
unigue  output of the
4514 s high, as required
in order to turn onEn
MPN transiston., By insert-
ing LED: in the lines to
the transistors. it's pos-
sible to see which transis

tor s twurned on at any

e

If we apply. a 4-bit
word to the input of the
4514, we produce an
B-hit output on the data
liries; The particular out-
put which 15 produced
depends on the particular
Eransistor which is urned
on and the pattern of
diodes. which s associ-

‘ated with than transistor.

1T the diodes are placed
en small PC plug-in cards,
the: patterns’ can be
chariged easily,

Improvements On  The
Basic ldea

The Tirst DIFROM
which was used with the
prototype of cur system
wias esserrtially as shown
in Fig. 7-1. While it was
very useful for getting
the system up and
running, it was oo small
T de mueh more. Then
poa; It was too skow.

3



That i, an excessive
smount of time glapsed
betweesn the application
of an input ‘and the
appearance of the carres
ponding output. Accord-
ingly, | st sbout o en-
farge and speed up the
DIPROM.

The speed of the
DIFROM is related to a
number - of Things —
among - them being the
distributed resistance and
capacitance in the Gircuit.
For example, decreasing
the resistance of the
pull-up resistors te 3k
from T10% increases the
speed ‘of the memory by
a ‘significant -amount. In
fact, that was the first
changs which was made
to the prototype.

The speed of the
DIPROM is also related
fo the times that the var
iows ‘devices ‘take 1o
change state, For ex-
ample, as much as 400
nancseconds may elapse
from the time that the
input of the 4514 is
changed Ontil the outpul
changes: Mot much can
ba done about that, since
it invelves the internal

=14
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Fig. 7-2. Sixteen word subunit of the DIPROM.

workings of the 4514
Similarky,
selected a fransistor, we
can't do much about its
internal switching charac-
teristics.. However, we
‘gan make sare that we
use’ such devices in the
best way. For example;
some tests on the proto-

type indigated that the

transistors —apparently
were. being wmed on
very hard and, because of
that, were slow in turning
off. Each LED was
replaged with & resistive
voltage-divider network,
and. this improved the
switehing action. {The
LED: probably could be
used in conjuncticn with
the networks, but this
weas not tried},

Once  We've

These changes pro-
duced 1the basic six-
teenwiard  subunit  for
our DIFROM. A schema-
tic is shewn in Fig. 7-2.

A Larger DIPROM
At this point we still
have just a sixieen-word
riemony. We could biild,
say, eight such memories,
producing 2 capacity of
128 words, However,
we'd pay dearly for it A
single 4514  decoder
alone costs 55 at the time

that this is written,
There ls a less expen-
sive way, though, as
shown in Fig. 73, Here

we've taken four oi the
sizteern-word subunits

and combined them into
& “sixty-four-word array.

Each of the four subunits
is drivenr by the same set
of sixten transistors. De-
pending on which of
these trangistors is tumed
on, the corresponding
words will be selected in
eaxch of the four
sixteen-word subunits
Our task then becomes to
select the particular ong
of the four words which
is ta be passed on to the
autput, :

We do this by means
of the circoit which is
shown  below the sis:
teen-word subunits in the
figure. In effect, we've
added a seventeenth
word to each sixe
teen-word subunit. Each
bit of each added word is
zet to O If we turn on
three ef the four transis-
tors in the lower set, the
corresponding words will
be driven to 0000 0000,
regardless of what hap-
pens within the subunits:
Thst s, we've disabled
the outputs of the three
subunits in terms of their
effect on the NOR gates.
The gutput of esch NOR
gate will then depend
only on the word which

]
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Fig, 7-3. A sixty-four word array.




appears at the ouiput of
_the fourth subunit.

Beecause  welve used

NOR gates, the output of
the sixty-four-word sub-
unit will be the comple:
wmient of the selected
word: But that's rot 3
problem, a5 we'll see ina
moment,
. The decoder which we
use: to drive the second
set of transistors must
praduce & unique output
low, since only one: tran:
‘sistor is turned off at any
‘time, The 740154 de
coder is such & device..

Because of the size of
the printed circuit boards
which are involved, the
sinty-four-ward unit is a
convenient basic unit. OF
coirse, the 74C154 has
sixteen outpuis s that
we ¢an combine up to
four ot the six
ty-fourward units, pro-
ducing up to a 256 waord
memery.: The way in
which twp six
ty-four-word  Gnits are
combined s shown in
Fiy, 74 Expansion to
four units- s straghtfor-
ward,

Address lings. AQ
through AE are applicd
to the two decoders as
shown. |f Tour
sinty-four-ward  units
were wse we'd also apply
address line A7 to the
FAC154 and drive the ad-
ditional two units with
outputs 8 through 15
from the 740154, How
BYRr, Since we're using
enly twe units, we
ground  the highestar
deriaddress input of the
4C154 and dan't con
Aect ontputs 815, The
remainder of the upper
portion- of the circuit is
as. deseribed before. The
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output of one of the
sixty-Tourwerd wnits will
be the complement of
the word which should
appear at the cutput of
the circuit. The sutput of
the other sixty-four-word
uriit (in which the gut-
puts of all the sixieen
word subunits are dis
abled) will be 11171 1111,

If we mow tarn Fig,
7-4 on its gide 5o that the
decaders are at the bot-
Tom, we see g somewhat
Tamiliar sight at the right
of the figure, We  have
eight datz lines sach of
which is pulled to +5
valts via pull-up resistors.
Each data ling can also be
pulled down via a diode.
This happens if the logic
level which is appied to a
dinde is taken low by the
eutput of one of the
sinty-fourword units At
AEy given time, one unit
will be disabrled. lts out-
put witl Be 1171 17111
and it will have noeffect
on the data lines., How-
ever, the epabled) unit
will have ary affect. I its
gutput 15, osay, 1R
1010, then that will ap-

Fig. 74 128 word DIPROM.

pear on the data lines, plement, has been locat
Qut of the collection of edand placed on the data
128 werds, the desired lines

one, or at least its com Because the output of

Fig. 75{a), Topof 128-word DIPROM (two wiews!,
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Fig. 7-5fh): Battom of 128ward DIPROR.

the wnabled six-
ty-Fourwerd unit is. the
complement of the de-
sired word, we apply the
data  lines 1o inverters
which, in turn, drive
solidstate switches. The
other sides of the solid-
state. switches are con-
nected to the data bos,
The switches -are
turned. on by application
of a high level to their
cantrol Cinputs. A low
level turns them off, dis-
conngeting the memaory
from the data bus.

Constructian

Photographs of the top
and’ bBottem of &
128-word . DIPROM are
shown in Fig. 75, The
device is construgted on
fire PC boards.

The teftmost board in
the top view contains
most of the switching ¢ir-
cuit. The two decoders
are near the top of the
board.. The sixteen tran-
sistors winich select indi-
widual words within the
sikteen-word subunits.are
ina eolumn at the. right,
At the wery -Dotiom are
the 5.2k pull-up resistors.
Directly abawe them are
the two 4049 invertars

L]

and just abowve the inver-
ters are the two 4016
solid-state  switches.
Power lesds connect o
the board at the upper
left. The address lines

connect just below the.

pewer leads. Further
down are the data lings
and the control line for
the solidstate switches.
The: eocliector leads for
the sicteen trangistors
legve the board at the left
and the data lines to the
inverters gome in from
the bottom left,

The careful observer
will note that there's an
IC on: the upper-teft af
the marrower ‘PC board
about which nothing has
bseen said, 11 serves no
fundamental purpose
with regard to the apera-
ticn: of the memary,
Hewever, including it
makes tha layout of the
cirguit which invoives the
4514 decoder somewhat
less complicated.

If wis examine the pin
connections of the 4514,
we'll see that the outputs
aren’t in a convenient
seCpuBEnGe . for eur pur-
pose; Qigpuis 3 through
T are. arranged reasons
ably, but seversl jumpers

are required in order to
rearrange oulputs &
through 15 into- the pro-
PEr sefUence,

Mare as an exercise in
togic rather than any-
thing else, @& guad
twa-input EQF gate was
inserted between the four
address. lines of the sys
temn and the address in-
puts of the 4514, The
EGR: gate ‘is. wsed o
change the coding of the
address lines in slch &
way that the gutputs of
the 4514 are in' the pro.
per ssquence, For ex
ample, 1000 an the . ad
dress lines produces 1107
atthe inpuis of the 4514,

Each of the nwe largs
boards forms. the major
portion of a sixty-four
word - wetit, The wide
strips. at the top carry
power, Just below these
are the.transistors which
enable or disable entire
sixteen-word subunits
The pulbup. resistors far
the indnidual’ subunits
are just below the transis
1Ors:
The diodes which form
the seventesnth words in
each of the sixtesn word
subumits are located  at

the bottom of the large
boards,

Dn the small boards at
the bottom are the dual
feur-input  NOR - gates,
and Just below the gates
are the diodes whith tia
the outputs of the MOR
gates to the en-board

data lines.

The: major portion of
each larger board is occu-
pied by the sockets inte
which the individual
wards are plugged. Each
socket consists of ten
Digiclips®. From left to
right, the first four con-
neet to four data lines,
The fifth connects to the
collzctar of the appropri-
ate transistor (under the
board). The next four
connect te the remaining
four data lines, and the
tenth connects to the col
lector of the [same) ap-
propriate transister.

Using this eonfigura:
tion, our basic plug-in
unit 15 a-four-bit word, A
number of the fourhbit
plug-ins are. shown in

plage at, the far right of
the . second. large: board
and.a few are shown in
mare detail in Fig. 7-6.
The spacing within the

Fig. 8. Four bit plog-ins:
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eightbit words, using
sight-bit pluging means
that they can be labeled
grwetw with ‘the
ﬂﬁm@ﬂﬁﬁfﬂ CI’F the in-
struction  which  they
miﬁmﬂt‘ _
'ﬁern;—trua’mn.g a
128-word memory  re
quies soldering 1280 indi-
vidual Digiclips™ into
place. The best way to do

jh'ﬂsmus&ammhm T

1he oﬁe ﬁﬁuwn n F-ig,
7:7. 'z a pair of unseps-
rated  fourbit  plug-ins
Ten srmaﬂ notches are cut
at the botiam so that ten
ﬂlﬁmha&?@ can be loaded
on to the jig and ‘be held
in place reasonably well,

The ~whale works is then:
put in place on the board
and each Digiclip® is sol

dered to the board.

Nu hales should be
drilted for mmgmhm@ :
They should be soldered
directly to the top of the
PEfoili .

Digiclips® may not be

conveniently -available
thnrwmrhm th.&_,:w:ﬁﬁﬁ

:nqrxwram a r&tajmr As
many as are needed (five
ata time, in our case) are.
soldered into place and
then the retainer is bro-
ken off. If they are used;
holes will have to be
drilled for them in the PC
board, AND THE FOIL
FATTERN SEEQ!JLD BE
ON THE BOTTOM OF
THE BOARD,RATHER

Msdu‘{& also have to be
wsed @5 “fingers” on the
plugins

The fail side of the PG
tioards and the: Gom}:m
Tent lay-outs far eash' are

shtmm in Figs. 7.8
'!hrm'lg_h 715 [Editars
note: Due to their large
size, Figs. /-8 and 7-10
appear as foldets in the
center of rﬁebaqk,}
There doesn't appear
1o be a gumf ‘altarnative
to & PC board for the
portion of the memory
irita which the plugins
are inserted. However,

Fig 7:7. Holder for DIGICLIPS®

T0 -mhat’sﬁéﬁ&;j};
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Frg. 7-13: Companent side of data board, DIPRONM.

Fig. P12 Foif side of data board, DIPROM.
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Fig. 714, Foil side of plug-in anits-for DIPRAM. Falivicate from 1.32° P stock.
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Fig. 715 Component favout of plug-in umits for DIPRGOAM, Diotdles are soldered ta
foul side of board. All dicdes are TNS T4 orsimifar. Note that no “F " baards meed
e rale,
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the functions of all the
other bogrds worked well
an a breadboard during
the design of the-protor
Lypa.

For the builder who is
looking shead, a list ef
the pluging which are
needed in the checkout
of the basic system is
_shown in Fig. 7-16.

Verifying Proper Dperat:
ian

At this point, we have
wiiat should be a warking
DIFROM. Before we per:
form any tests, howsver,
it's important that we un-
derstarnd just what mputs
will select'-.-.harioeatuans.
and iy

Regardiess of the size
of the memory (assuming
that we use at |east one
sinty-four ward unit), all
the' address inputs of the
4514 decoder will be
used: Ag-should: be obyi-
oS by now as we eycle
through the sixteen possi:
ble: combinations which

can. be applied to the

4514, one of it's sixtean
outpirts will be enabled,
If we examine the pin
connections of the 4574
and: the PC Fayout, we'll
conclude that the upper
word i each sik
teen-ward subunit will he
activated if 0000 s
applied to the 4514, That
is; the least significant
four bits of the address
of any of the upper
words @re 0000, or 016
The wvalue of the l|east
significant Four, bits of
the address of each suc-
cessively - fower word is
one graater. The least sig-
nificant four bits.af the

VALUE GUANTITY
a -8
1 i
2 @

3 =
'l 2
S o
2 =
a2 =
S A
8 i
A 2
B -
[ 1
B b
E 1

Fig. 7-16. Plug-ins necded.

to check batic systerm.

address of the |owest

words are 1117, ar Fi6.

If we assume far the
mament that we've con-
structed & 256-word
mgmory, then by study-

‘ing the pin connections

‘of the 74C154, we'll.con-
clude that the far Jlefr
sixteen word subunit will
be enabled i we apply
0000 to the 74CT54.
Similarly, i we apply
1111, the far right six-
teen word subunit will be
enabled.

|n short, the upper left
word in the memory will
be selected if we apply
004g 1o the inputs, and
the [ower: right word will
‘be selected if we apply
FF.

If we've constructed
only a 128 word mestary
and grounded the most
sigpificant mput ol the
FACIB4, then each ward

in the memory can be
selected by either af two

inputs. Since. the: most
significant input of the
T4C154 is qrourided, it is
effectively set 10 2ero re-
gardléss of what & pre:
sent an the address lines
of the system. What this
means is that, for ex-

ample, an input of either
FF or 7F will select the
lower  right word.

Eamuf,aﬂ\,r, if we've con-

Wchtad .:ml*;gI i ﬁd—mm‘
memory and ' grounded
the two [nghemrdar ad-
dress inputs of the
?41_1:_154 thin each wnrd
in the memory can be
selected by any of four
ﬂ‘.!puts. What this meens,
igr example, rs that: an
input of ‘FF,. BF; 7F ar
IF will; seiEr::t the Em:
right word.

‘Lt course; the builder
is free toconnect all the
address inputs of | the
74C154 1w the address
lines, In E|n11.r Qaﬁe the
jumpers which pass the
outputs-of the 740154 to
the sikty four-word
unitls) should be ar
ranged 5o that locations
arg available which are
selected when| FA, FE,
FC. FD, FE and FF are
applied. This for reasons
wihiich we'll consider
later.

At this peint, weTe
ready o verify the pro-
per dpera'tion af  the
DIPREM. Basically: this:
s simply & matter of
applying & series of in-
puts: and making sure:
thit the proper sigral oS
present &t each pont in
the cirguit. .

The first task is to
migke sure that each de-
coder is working proper-
Iy, We can do this most
easily - by checking each
separately, applying the
sixteen possible different
inputs and werifying that
the proper ootputis act-
vated,

At the same Time, we

_Baﬂ check e see (i each

of the transistars is work-
mg praperly. Spplying a
high level to the base
resistor of a transistor
should turn iton, A low
I,wqj shauld turn it oif
When the transistar is
turned off, its collectar
should be high, provided
that the coilectar is tied
1oa high level. snd niot
just floating, The col
lector of a transistor
which drives  individual
wards n: the sixteen
word subinits will floar
if all the words wiieh the
transistor drives are FE.
Mo comparable situation
exists if the transistor is
turned om. In that case
the collector s low.

IF the decoders: and
transistors are  weorking
properly aur ﬂe:clsl.ea_i's
to. ingert the remaining
185 (power off}, plug a
word inte the: DIPROM,
apply the appropriate ad:
«dress and see if the word
apipears at the outpuk If
it dossn't then we wark
our way Backward fram
the output o seo at
wihich point in'the circuit
the wword is present. This
procedure will seree o
pinpaint a fauity compo:
nent ar connection.

In &l this we' should
remember 1o, e off the
power  before removing
or inserting any 185, and
1o connect sach-input of
every GMOS IC to some:
thing rather than allow-
ing it to foat

Reterence

T Cishimian, BoM, BN, 2, 117
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Chapter 8
The 1/0 Board

A!_ this. p&_rinf we A gut - nurabers i the spstem, in 3t lesst & mited way, By plugging tabs it i
DIPROM. We have, in a-sense, 3 mechanically operated input port. However, as we ase even aur basic spsterm
well peed o enter numbers in the farm of logic fevels into the system. That is, we il need an electronicaliy

aparated input port:

i‘:-_u.ri!'he.r, we'll need some way foget aumbers out-of the syetem. That #5, we lf meed an gutput port.
Fially. for reasons which we il sea fater, well have ise For g timer circuit.
These three-funtiions are grouped fogether on one board, the [0 beard, and that's the suliject of this

chapter.

Mecessary Functions

For the input port, we
need a circuit which will
‘accept” and {optionally)
store a number from the
autside world, The uP
st then be able to read
ithe number which is ap-
plied to, or storad in, the
port, It's convenient to
divide - this total function
into two black boxes.

The first black box ac-
cepts an eight-bit number
from the outside world.
Optionally, a sigral in the
form of & high or low
level {operator selectabial
miay be appled ta the
black box from the out
side world fo. stora the
number in 1he box. If
that signal is not applied,
the: black box simply
tracks the number at its
input,

The output of the first
black box iz apglied to

the datz bus in response

o a control signal from a

second black box. Simnce
the second black box also
provides a control signal
for the autput port; el
postpone our discussion
of it until dfter we've said
more about that port:

A cireuit which will
provide the: Tunction of
the first black box i
shown in Fig, B-1. 1t con-
sists in part of & pair of
40432 four-bit level senst
tive latches. The eight-bit

e |
et ke
_1? = =
: _IT SR e | s S Ly
:‘:":Ei?'“ 1 . ;L _i*&] 'lt:lilh[_ = ::.-E‘;*

o
et/ CIRTRO
et

Fig. B-1. Input port.

number fram  the: ax-
ternal seorld i applied to
the' data inputs of the
fatches, The polarity in-
puts of the latches are
tigd to ground, Thus, if
we ‘apply a low level o
the clock  inputs, the
Iatches. will follow any
changes in the number
which s applied o the
data inputs: 1f the clock
input is taken high the
fateh will hold the value
which existed at the time
of the wansition, Note
that the: data-and clock
iriputs are tied to ground
vig 47k resistors rather
than being allowed
simply to float,

The outputs of the
twee latches are applied to
the data bus viz a pair of
4016 four-bit solid state
switches, The  switches
are turned on and the
fatches are tied o the
data-bug it a high level is
applied to the contralin:
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puts of the 40165 A& low
level turns. the switches
off, disconnecting the
outputs  of the latches
fram- the data bus. For
pur basic system, we'll
need twoo such iaput
ports:

At this point, then, we
have & way tooget num-
bers into  the system.
Let's consider How to get
numbers back out of the
Systen,

For the output part,
we need 3 circuil into
which 1he uP can write a
number and. which ‘can
provide that number 1o
the outside world It's
corvenient ta dvide this
Furction into twa black
boxes:

‘The first black box ac-
cepts an eight-bit number
from the data bus. In
FESpONSe 108 cantrol sig
nal from a second black
box, the first stores the
number.  The eight-hit
output from the first
black box js available 1o
the outside world: A cir-
cuit which will provide
the function of the first
black bex is shown in
Fig. 8-2,

It consists in part of a

‘! ST
PO OATA B

pair pf 4042 four-bit
level-sensitive. latches.
The data inputs of the
latchas are tied to the
data lines.. The polarity
inputs. of the latches are

tied 1o ground. A nega--

tive-geing contral pulse is
appled to the clock in-
puts of the latches when
the number which is on
the data bus i 1o be
stored. The outputs of
the |atches are
available to the outside
world via a pair of 4080
buffers. For owr. basic
systemn, . we'll need two
such output ports.

At this point, we: have
four parts through which
our system can exchangs
numbers with the outside
world, We. now have te
provide a circuit which
will ‘allow the uP to-oper-
ate the ports as it re-
QUIres,

Inputs ta the hlack
box which will previde
this furction include
tamong others) the RAW
line, the B2 pulse train;
and address  lines Ald
and A15 Aswe'll see ina
mament, we'll also dedi-
cate.an individual, lower-
order address line 1o each
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Fig. 820 Outpdrt port.
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Fig. 8-3. Control circuit for /0 board,

port:

Dutputs from the
black box include & pair
of negative-geing pulses
ione ta trigger each out
plt port) and @ pair of
positive:-going signals
fone to turn on the
gwitches, in @ach input
part).

A pirewit which will
‘provide the function is
shown in-Fig, 8-3.

Each pulse is generated
in part by ANDing to-
gether ATSH, the compie
rment of A1d and the 02
pulse train. In this way
the pulse iz generated
when A15 15 high, Al14 s
lowy, and @2 s high, OF
course, we can’t use that
combination alane, since
to do'sa would mean that
‘both ports would be trig:
gered’ anytime Al15 was
high, A14 was low, and
B2 was high.

We generate an individ-
ual pulse for a port by
AMDing the fines men-
ticned above-swith one of
the remaining address
lines;, AN this means is
that we don't completely
decode. the address lines
in order to select an indi-

widual output (or input)
port. For example, if we

choose AQ as the line

which well dedicate to
one output port, then
that port will be selected
whenever the combina
tion

TR R RN X

appears on the address
bis The X5 indicate that
the digits at those loca:
tiohs have no effect of
the selection, Thus, any
of the addresses which
result from any combi-
nation of ones and zZeros
in place of the Xs will
sefect the same output
port, |f we replace all the
Xs with zeros, for exam
ple, the address iz 5200.
This s wasteful, &t least
0 one sense. because we
can't address any other
input or output port
(A15=1, Ald4=0) with an
address In which A3 iz 1.
However, we don’t have
6 many ports that it
becomes 2 problem, znd
we simplify the contral
girguit By using this
method.

The remainder of the
eircuit i similar: Indwid-



ual, dedicated -address
lines. are provided for
each port,

One final point re-
mains. We niote that the
R/W line is used in the
yenaration of the control
‘signals: for the input
ports; & we'd expect
However, it's not used in
the generation of the
pulses for the output
ports, This is of no grac:
tical cansequence. While
we certainly don't want
the uP 1o try to write
nto an input port — to
o sa o would likely dam-
age some logic elernents
— no comparable prob.
lem: exmistz it the uP
“reads” an output port
In practical terms, this
means that only four in-
puts make up each pulse
to an output port. Thus,
wWe can bse a single 1C to
generate both pulses, |
we include the R/W line,
two 15 are required, to
accommodate the wwo
cats of five inputs each,

The final portion of
the 1/Q board = the
timer. It's a device which
provides an output that
changes state in response
1o a pulse at its input and
remaingin that state for &
predetermined time, At
the end of the predeter
mined time, the output
reverts 1o s previous
state and remains there
until “another pulse is
applied to the input.

T provide this func:
tion, we'lll use a 4047
astable/monaostable
multivibrator 0 the cir-
cuit which is shown in

Fig. 8-4.
The timer is set up for
negative-edgs triggering

and iz pregrammed to

produce a guarter-
second-long signal at the
outpul. The trigger input
i tied 1o +5 volts via a
M “resistor 5o that the
input doesn’t float.

Construction

The foil side of the
printed wircuit board s
shown in Fig. 8-5. All the
circuits discussad in this
chapter are inchided, The
compopent
shown in Fig. B6,

Those who chose ane
ar the other alternatives
to PC-board construction
shouldn’t have any majar
problems, During the de-

slgn of the prototype, all

the functionz of the |/O
bizare were breadboarded
in: “early ratsnest.” The
only  problems  encoun:
tered involved poor con
nections, solder blabs;
and the like,
Regardless: of the
method of construction,
sockets shouwld be used
far all ICs. The powsr
should ‘be off when in-

-serting or removing 1Cs;

and they shauld be pro-
tected from static dis
charge when taken out of
their sockets,

Vite select the addresses
of - the ports during con-
struction, by means. of
the jumpers which tie the

i R
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Fig. ‘84 Timer for 1O
-board,

layout s

individual lower-order
address lines inte the cir-
cuits. In the prototype,
lines A8 and AD select
the output ports. The
addresses thus are 3100
and B200. Lires 12 and
13 select the input parts,
The addresses thus are
000 and AQDD.

Verifying Proper Opera-
tion

With the control panel
in place to provide +5
volt power, the 110 board
can be checked out, Be-
fare turming on the pow:
r though, it's well to
chieck the +5 volt fine on
the. board in order te
ensure that a shart to
graund doesn’t exist.

I all 5 well, we can
chieck gut the timer. This
is mast sasily done by
anitoring. its:  output
with a logic probe. ks
cutput should ba low,
nitiafly. 1f we momen-
tarily ground the input of
the  timer, its output
should go high for a frac-
tion of a second and then
go fow again.

The control sircuit on
the /O board should be
checked out next. Lising
the debugging bread-
board, we program the
address lines, the RB/W
line: and the @2 line to
the states which will pra:
vide a' control ‘signal to
each port, ‘individually,

For - example, if we
want te check out the
first output port {assum:
ing that the address is
B100), we program Al1S
kigh, A4 low, and AB
high.: IT we then take the
P2 line high momen:
tarily, the control output
to the port should go low

mamentanly.

It we want to check
out the first input port,
wa o the same sort of
thirlg, ‘exgept that the
RIW line: (taken high} is
invglved rather than the
@2 Hne. OF course, the
caorresponding  control
output goes high rather
than low,

Onee” the comntrol eir-
cuit has been tested, we
can check out the ports
themselves.

The easiest way to
check out an input port
i to turn the solid-state
switches on by properhy
pragramming the address
and R lines, using the
debugging  bresdboard,
Then, as a -signal iz

‘applied to each bit, the

carrespanding line of the
data  bus shoold track
that signal. This is the
caze since the latches in
the pert are programmied
{by means of pull-down
resistors) to track, rather
than store the applied sig-
nal. If a high levsl is
applied to the clock in-
put of the latches, then
they should hold the eur-
rent data until the clock
input is taken {or allowed
to gob low again.

Ta check out an out-
put port, we use a simifar
procedure. We program
the approprizte address
lirgs to the proper levels,
using the debugging
breadboard. We then pro-
gram the data lines to

cany arbitrary states. [fwe

then take the 02 line high
mamentarily, and then
low, again, the number on
the data: bus should: be

stored in the vutput port

and be accessable at the
output terminals.
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Chapter 9
The Microprocessor Board

At this point, we have @ control pansl, & DIFROM, and a0 LD Board. oty e module of our basic system
— the ufBoard — remains to be Suilt, smnd that's he sulfect of this chapter.
For our P, we'dll use the MOS Technology G502 A magor réason for this chaice is that the 502 s
partfeatarly easy tol get “up and running " OF course, U5 3 good device on & sumber of courts, But that's

ane Hier story,

The 6502 Microprocessor

Ta begin, let's examine
the furctions and pin
connections of the G502,
The latter are shown in
Fig 9.1,

ﬁ'{:tua!w, We £an ree-
ognize the functions of
mast of the ping without
miuch difficulty, because
hits “and pieces of infor-
mation  have been  in-
cluded in the previgus
chapters. For example,

Pz w0 AL

O 3cfHe

ME pEMRAES RO COMMIETHH

Fig: 9-T. Pin coamections
of the G502,

=2

ping 920 and 2225
labeled AQ-ATS, dre the
address. fines.. The 6502
places @ sixteen-bit num-
ber on these lines, in ef-
fect pointing: to-a loga-
Tion with which it wishies
10 commupicate. The
BRO2 ‘then places. an
gight-bit number on pins
2633, the data lines (fa-
beled BO-07) or accepts
the: eightbit number
which has  been  placed
there by an external ce-
vice. The RiW Tine, m@in
34, bwars a high leval if
the §502 is reading or-a
low level i the G502 is
Writing.

Pins 37, 3. and’ 39
babeted B0, @1, and 92,
respectively, are involved
in the timing of opera-
tions which are carried
out by the 6502, The
pins are tied together by
mieans of an RC-network,
The constants of the net-
work determine the fre-

FREGUENEY, MMz
{2 3]
05
10

R g

100K §0pF
42K a0 pF
1 WpE

Fig, 82, Frequency  determining compaments Tor

G502
quency. of an oscillator
within the B502, as

shiooam e Fig, 9.2 :

The two outputs, @1
and B2, are pssentially
sguare waves: which are
180° out of phase with
each other, Most dpera
figng fin our system are
properly carried out only

ol
IRl —= -

if they are synchronized
to @1 of P2 Thigis illus
trated in Fig. 93

The start ot a.cycle is
signalled. by the  rising
edae of 3 01 pulse. Just
after the rising edge of
that pulse;, the 6502
places an address on the
address bus. T the 6502

2 L
Y s e

Aoy ——— —_—r

ST DEPEADS 0N
T Ml

i e AT

Fig. 8.3, Tinyng diagram of G502,



is invalved in read apera-
“tiong, it holds the R/W
line high, and stares {in
an intemal latch) the
number which is on the
data bus, just after the
trailing edge of the cor
responding @2 pulse. 1T
the G502 is invalved in a
write operation, it takes
the R ling low and
places a pumber on the
data bus wia internal
“galid-state switches. The
number remains  valid
wntil just after the trail-
ing edge of the B2 pulse.
The execution of a sin-
gle instruction, such as
the addition af a number
which is stored in mem-
ory to a number which
has been loaded into the
G502, may require as few
a5 twe cyeles, 1f the 8502
is operating at 500 kHz,
then such an instruction
will be carried out in four
microseconds.

If we understand
what's been said about
the address and data
‘buses and the B/W, @1,
and B2 lines, then we
understand most of what
we need about the way
the B&02 operaies once
it's running, Let's fook
now at how we start it
and stop it, and how we
knoww at what address it
will start, The latter is
important, of course,
since when we load a
“garios of instructions intag
the DIPROM, the uP
miust start at the: first
instruction.

As we saw in Chapter
£, starting and stopping
the 6502 is accomplisted
by means of the ready
ling, pin 2. 1 we pull the
ready line high, the 6502
starts, and conNUnUEs Fun-

ming wntil we pull the
ready line low, When the
ready line is pulled low,
whatever address was on
the address bus at the
tirme of the fransition
remains there, The R/W
line goes high, and the 81
and 02 signals continue
as though nothing had
happened. The 6502 dis
gonngcts itself from the
data bus, so that the
gtates of the data lines
are indeterminant.

Fine — by mieans of
the runstop switch on
the control pamel, we've
pulled the ready line low.
Mo o dowe start the
G502 again, and at the
proper address? Weil, the
first thing we do iz mo-
mentarily depress the re
st pushbutten on the
control panel. This resets
a number of Gcircuits
within the G502, Mext,
we take. the ready ling
high. During the next 5
eycles (of the 81, and B2
pulse trains) numbers will
appear on the addrass bus
in apparent random o
der. However, during the
sixth gycle, the number
FEFC will appear on the
address bus and the R/W
line will be high. That is,
during  the sixth cyele,
the 6502 reads the numr
ber which is storsd in
location FFFC. Lt inter-
prets the number as the
less-significant half of the
address of the first in-
struction in gur program
During cyele 7, it reads
the -number which s
stored in location FEFD
and interprets the num-
ber as the mora:
significant half of the
address; During cycle B,
the 6502 loads the num-
ber which is stored at the

address and interprets it
a5 part ef the first in-
striaction of our pragram.

Twao of the remaining
pins.on the 6502 provide
fisncticns which are simi-
Jar to those provided by
the reset pin:, These are
the |BC dnd RML pins.
They provide interrapt
funections.

For example, if we
pull the IRQ (intermupl
request] line low, the

G502 will complete the

instruction which it's
carmying out, It then in:
terrupts the execution of
the program which i in
progress and  reads  the
numbers which are stored
at lacations FFFE and
FFFF. |t interprets: the

rumbers which it finds.

there as the less
significant ‘and more-
significant halves, re
spectively, of the address
of the next instruction 1o
be executed.

For same puspeses, it's
converient 1o disable this
function, We can do 5o
by means of a particular
instruction.

The function af the
MM (nign-maskable inter-
rupt! ling s similar, ex-
cept ‘that a high-tolow
transition o the MMM
line causes the interrupt,
the desired address s
contained in locations
FEFA and FFFB, and
there is N0 way wWe can
program the 6502 to ig
nore @ signal on the NI
line:

In/our bagic system we
W't use the interrupts.
However, the NMI ling
may be useful after we
expand ‘the system 1o in-
elude a keyboard,

We'll have no need for

‘shiown

the functions which are
performed By the two
remaining pins. Without
pretending  that we'ne
explaining anything, we
simply say that the Bync
line goes: high, during @1
when an op coda is being
fetched and that & high-
to-low transifion en the
5.0. ling sets the over
flow ftag. The mearings
of the terms involved will
became clear fater, but
we'll say no more about
the functions of the two
ping. The curious reader
can  find mmere about
them in the hardware
manual an the GB02,

The Circuit

The eircuit by which:
the 6502 is tied into the
system is shown in Fig
24,

The 6502 operates at
about 200 kHz when the
resistor  and capaciter
are used. The
systern can be operated
at higher frequencies (up
to-about 1 MHZ) depend-
ing an what devices are
added’ to the basic Sys-
tem.  The highest fre-
quency can be- deter:
mined by experiment
after the sysiem is com:-
pleted.

All the input lines ane
pulled to one level or
anather in order to pro-
tect the inputs from sta-
tic discharge if the other
baards are removed from
the system.

If the builder: so de
sires, the data and ad-
dress lines of the 6502
may be tied to the appro-
priate buses by means of
1k-10k  resistors. These
serve to limit the current
which can flow 1 an ax-
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Fig.-8-4. Connections ta 6502

termal device s improp-
erly connected to one or
the other of the buses
The resistors do tend to
slow the system, though,
im the prototype; the
sddress ping are connect-
ed directly 1o the address
bus; but the data ping are
connected to the' data
buswia 1k resistors,

Construction
The foil side of the PC

board and the compo-
nent layout are shown i
Figs. 85 and 9-6, respec-
tively. The observant
reader will quickly notice
that the FC board is
much too complicated to
contain just the uP. We'll
postpone a- discussion of
thie  remaining cireuit
until Chapter 15, how-
EVEr,

These who choose one
or the other altarmatives

te PC board construction
shouldn't have any major
problems, but the altern-
FLiNes wWeren't investi-
gated in the design of the
prototype, .
Verifying Proper Cpera-
tion

Ta compieely check
out the 6502 would
mean that 'we'd have 1o
have the entiré systerm:
eperating. ln the nesxt
chapter we'll dojust that,
but first there are some

preliminary checks to be.

made.

We jinsert the control
panel and uP board inta
sockets on the backplane
and insert 1Cs CPS, CPE,
CP7. and CP8 into their
sockets on the control
panel (powsr Offl. Be
fore we insert the 6502
into-its. socket, we urn
the power on -and verify
again that the reset and
ranstop switches have
the expected effects on
the wwao lines: We also
verify that eachy remain-
ing pin on' the socket of
thie G502 is at the expoct:

switch, we: should

ed logic level. The |RQ
and MMI lines. should be
high, Pin & should be
high aiso, since it is the
+5 wolt-power pin gn the
6502 Pins T and 21
should be low  sifce
they're - grounded. Final-
Iy, wsig an  ehmmeter,
we check to see that the
timing resistor is properly

‘connectad.

Once we've done all
this; we TURN OFF THE
POWER, insert the BEO2
into its socket and turn
on the power again. With
a logic probe or oscillo:
scope, we  then check
that the G502 is operat
ing. Regardless  of the
state of the runstap
SEe
something which approx-

imates a square wave at

the @1 and #2 pins. 1 the
ran-stop-switch 5 thrown
1o rurl, the address lines
should be changing

states, more or les in

time with @1 and @2, or a
sib-multipie of either. A
series of  positivegaing
pulses should appear at
the Syne pin,






Fig. 96. Component side of the uP board. |



Chapter 10
Testing the System
with Software

Lintid mow, we've been concerned almost entirely with hardware — (05, PC boards, and the ke, However,
we've completed dir BRsie systern and tested the separate modules. At this poiot we MmUsE LUEr Dur SEBRTon
T sofiware — thesets of instractions which enabife our system ta perfarm useful tasks:

Cr-goal w-this chapter & simgly o learn encugh about -software to be able to check the system, and to

have.a little fun with it

Inside The 6502

Before we can progrant
the system intelligently,
we have to understand a
little about the internal
workings of the B502.
For example, our first
pragram will make use of
two registers within the
BH02; The first of these is
the accumulator register
{ACR]. When the G502
reads a-number from the
data bus, that number is
deposited in the AGCH.
When the 6502 deposits a
number on the data bus,
that number originates in
the ACRH, The ACR, in
-effect, is an "1/O port”
within the B50Z In this
case the “outside world™
is the data bus, however.

The ACR differs from
a canventional 1/Q port
in more ways than one,
though, since it's also the
register in which many
manl‘ﬁulatiuns af . num
bers originate. For exam-

ple, before the G502 per-
forms an addition, one of
the numbers which iz
involved must be [paded
into the ACR, After the
addition is carried oot
the result remains in the
ACR.

Car first programm will
also: make use of the
program - counter: (PGl
The PC is a sixteen-bit
hinary counter which
keeps track of the ad-
dress. that the G502
places:on the address bus
In fact, for the present
we can-consider that the
address bus i tied to the
autputs of the PC,

The PC may be con-
trolled  either by the
G502 directly or though
the program  which the
6502 executes. For ex-
ample, regardiess of any-
thing that's contained in
@ program, the G502
places the number FEEC
on the address bus (vig

the PC) during the sixth
cycle after the reset but-
ton is activated. On the
other hand, it we pro-
gram locations FFFC and
FFFD te contain, say,
FOOD, then FOOO will be
placed on the address bus
during. the- eighth cycle
after the reset botton is
attivated,

Introdustion To Pro-
grams

With that preface, we
can get down Lo the task
of writing programs, The
first step &5 o consider
what @ program is and
what it's rade up of.

Fundamentally, a pro-
gram it nathing more
than & set of numbers,
They are chosen on the
basis of rules which are
prowided by the manu-
facturer of the uP, and
according 1o what it is
that we want ta accom:
plish: For example, we

rmight store in the
EHPROM the set of num-
bers which is shewn in
Fig. 10:1.

if we did and then
started the system after
pressing the reset buttan,
the 6502 would read the
numbers which we stored
in logations FFFC and
FFFD and place them
(FOFF] on the address
bus, Mext. the 6502
wirild read A9, the num-
ber which we stored in

location  FEFD. To a
LOCATION COMTEMNTS
FF Fi} AR
FFF1 42

|

|

|

|

|

FFRE Fo
FFFD FF

Fig. 10<1. Machine code
far a2
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GE0Z, the number AS
{under certsin condi-
tions) means “load the
next consecutive number
into the ACR." Becausa
of this, the B502 would
then load the number 42
inte the. ACR. What
would then happen de-
perds on  the number
which is stored in. loca-
tion FFFZ.

Before we go any far-
ther, we ghould under-
stand that we have no
way aof knowing that A2
rmigans what it means tea
6502 unless the manu-
facturer télls ug For this
purpose; we nesd a table
of operation eodes (op
codes). An op code isa
pecessary  ingredient in
any instruction since it
indicates what particular
operation 15 ta be carried
‘out. AR instruction may
also contain an additional
number or two. They el
us something about the

number which is to be

pperated on fits address
ar its value, depending on
the op eode). That nunr
ber is callad the aperand.

At this  point, e
should understand  that
storing the number Ain
logations FFFD and
FFF1 im the previous
example would cause the
6502 1o load A into the
ACR. That is, the same
number may mean differ
erit things at different

LOCATIGN CONTENTS
FETG =
1 A3
2 42
5 80
4 &
5 42
FEFIS i
] FF

Fig. 16-2. Qur first pro:
g"&ﬂl.
58

MUMBER OF TIMES

SINGLE-CYELE BUTTON NUMBES On NUMBER ON.
IS PRESSED ADDRESS BUS. DATA BUS
& FRFE F1
¥ FEED FF
8 FRF1 A8
a FFFZ 4z
18 FFER BO
11 FFFE T

Fig. T0-3. Resilss of single-cicling.

times depending  upon
what the G502 expects it
to mean. {op code or
operand). .

Dur First Frogram

For our first effort,
we'll write @ very simple
prograrn — orie which
will cause the 6502 to
lgad & number from
memory into the ACR
and then meove the num-
ber from the ACR into
an sutpul pori, Since we
can specify the number
and ‘then examine the
port, we tan see if the
program i5 executed pro-
perly, IF it is, then our
systert s warking in at
least & modest way.

To load the number
from memory, we'll use
the instructions which we
discussed earlier. To store
the number in the output
port requires & three
ward instruction, The op
code 95 BD.
“store  the conteEnts of
the ACR in the location
whigh i5 specified by the
next two words, taking
thase. two words to be
the eight less-significant
and eight ‘more-signifi-
cant hits of the address,
in-that order"™,

If the address of the
output port s 8200, if
we want to store; say, the
number 42, and if we
want the program to-start
&t say, location FEF1,
then our program is as
shown in Fig, 10-2.

It means:

Atter we've loaded the:
program- into the
DIPROM, we should
check to see that each
location  contains - what
we think it does. The
easiest way to do this is
by using the debugging
breadboard. AFTER
THE uP BOARD HAS
BEEN REMOVED
FRGM THE S¥STEM
ipower off, efe), we tie
the B/W line high, pro-
gram the address lines
through the seguence of
Incations which we want
to examing, and wverify
that the correct numbers
appear on the data bus in
the corect. seyuence.
Azsuming that all is in
erder, we then UNPRO-
GRAM ALL LINES and
replace’ the wP ‘board
{power off, ete.).

To fun the program,
we  ser the  ranstop
switch to stop and turm
on the power. Actuating
the reset button and then
pressing the single-gvele
button sk times should
cause FFFC toappesr on
the address bus and F1 1o
appear on the: data bus.
As WE COntinue pressing
the single-cyele button,
the program s executed.
The sequence (s summa-
rized in Fig, 10:3.

We can work our way
though the first part of
the program -a single
oyele at & time; However,
it turns out that the 502
pan't be “singlecycied”

through a WRITE opera:
tign, Onee such an operar
tion:is started, the entire
instruction s executed at
full spead.

A complication arises
it we continue Lo actuate
the  single:cycle button
after the program is exe:
cuted: The BS02 expects
to find more instructions,
but there are none. 1 we
want to run the entire
program at full speed, we
St provide some way
to - stop the G502 from
running wild after it has
carried out the: final in-
struction.  The: 6502
doesn’t have a HALT in-
SLrUCTION, S0 We can't use
that approach. What we
can_do s provide an end-
less foop of instructions
for the BR0Z to exdoute:
This iz done in the pro-
gram which is. shown in
Fig. 104,

We've added four
words T our program.
The first of these, EA.
means “no operation”
(MOB). When the GROZ
encounters: EA ina pro:
gram’ Sequence, i1 Bxe
cutes the instruction. But
the exgcution causes no-
thing of consequense as
Far-as the outside world iz
concerned, except & de
lay of two cycles, On our

LOCATION CONTENTS
FFED R
1 A9
2 42
a = &
3 0
5 B2
& EX
7 4L
u F&
[} FF
i, -
B —_—
€ F1
o EE
Fig. 104, An improved

FArGgraeT.






Chapter 11
Programming |

Lirtil o we ve been IThare o less pulling instrictions out af the arr, iorder to wiitea simyple. program o
twit. Before we write many mare, it’s usefol to systematically examine & erambar of instructions. White we're
gt i1, we il work up 3 ser of abbreviations for the instrucrions, We'll fster find that-as our programs become
langer; an easy way foweite them is to wse the abbrewations and then transiate e programs inta muihers.

Our primary goal in this chapter; then, s to becore more systematic ia aur fandiing of software. Before we
Begin, though, there are hao topics which we hdve fo disouss. The [irst conceras 3 registec within the G502,

The Status Register

The  register is the
status register (SR It'sa
coliection of fiip-flops,
each of which can-be set
101 or reset 1o O by the
BE02, Six are of intersst
to us: The state of sach
flip-flop depends on what
happens when particular
instructions are  carried
out: The flip-flops are
often called flags since
they are indicators, as
we'll see ind moment.

One of the flip-flopsin
the SH iz called the
zerge-result flip-flop (£
flip-flap,. or .2 flsg). If O
is loaded into the ACH or
left there a5 & result of
some. operation, the Z
flag is set 1o 1, If other
than 0-is loaded into the
ACR or left there as @
result of some operation,
the £ flag is reset 1o O:

Another flag in the 5B
“is thie megariveresulr (M)
flag. I A negative result s

64

loaded into- the ACR or
left there as the result of
some  aperation, the N
fiag: is set o 1, while a
positive result catses it to
be reget to 0,

Each of these flags can
be affected i other ways
as- we'll see later, We'll
alse ske how we can
make use of the flags.

Methads of Addressing

The: second tople
which wie have to discuss
concerns  the way in
which we specify the ad-
dress of an operand.

As we saw in the pire-
vious chapter, we can
load numbers. inte. the
ACR by twe different
mesns. The result is: the
same in either cite — a
rumber s loaded — but
the locations of the num:
bers are specified n dif-
ferent ways,

In one case, the entire
sixteen-bit -address fol

lows the ap code, making
up & threeword instruc-
tion, Because: the entire
address of the operand is
completely specified, we
zay that such instructions
invalve absefule address-
i

In the second case, the
eight-bit operand  iself
fallows the op-code,
making up & two-word
inztruction. Because the
pperand immediately fol-
fowes thie op-code, we say

that  such instructions
vekhe  immediate  ad
dressing,

Ar o we - consider mare
instructions,, we'll see
that ‘many of them ¢an
aceomoedate  both  bf
these methods, In future
chapters, we'll encounter
additional methods; a5
well With that, we're
ready o Bxamine instruc-
AT TEE

A Catalog of Instructions

A complete listing of
all the instructions which
the G502 recoghizes s
shiown in Appendix 1,
The: purpase of each in-
struction, its: op codes
and g list of the fags
which: it affects are in-
cluded. At thiz poing
much of the listing: may
ke wnintelligible. but by
theend of the book that
won't be so.

We should recognize at
least & few of the instruc-
tions, For example, we've
already  wused. the one
which loads & number
into the ACR (LDA) and
the one which stores the
number that is contained:
in the ACH {STA). Abso-
lute “addressing  ¢an  be
used with either, but im.
mediate addressing can't
e used with the STA
instruction. LDA .affects
the N and 2 fags. STA
affects none,



We'se used two othier
instructions as well, The
first is the MO OPERA.
TION (NOP) instruction.
Its major effact is simply
to ‘cause a shight delay in
the execution of a pro-
aram.

The second is
JUMP [IMP) instructian.
The aperand of a JMP
instruction is used by the
6502 as the address far
the next instruction
which it fetches. Immedi
ate addressing can't be
used  {why would we
want to?) and the in-
struction affects no flags

‘The next -set of in-
structions o consider
gontaing those which im-
plement- logical opera
tiors. Three are available
— and (AND], or (GRA),
and exclusive or (EOR).
Each affects the N and 2
flags. Immediate and ab-
solute addressing can be
used with aach.

A similar instruction s
the add [ADC) instruc
tion. kn s execution, the
aperand. 35 added 1o the
contents af the ACH and
the result is left in the
ACR. as we'd expect
However, there's more to
consider.

When we discussed the
addition of binary Rum-
bers, we found that there
Gan be & carry, just as
there is-in decimal addi-
tiom, Within the 5K of
the 6502, there is a flag
called the carry (1 flag
which is set to T if a
carry resubts from the ex-
ecution of an ADC in-
stricticn, f no parry re-
‘sults, the C flagis reset to
0. For exampie, if the
ACH containg 00110707,
and 111007010 is added
tao it, the result s

the:

11071010, Mo carry s

generated, and the € flag
is reset to-0. On the other
hand if the ACR contains
10110107 and 11100181
i3 added to it, 4 carry is
generated and the C flag
is5et ta 1

Actually, the exeg-
tion: of an ADEC instruc-
tion does mare than just
add the two eighthit
numbers and gererste a

carry (it appropriatel. 0

thg process, the prEvious
content: of the G flag 15
added inta the sum, For

exampte, it the Cflaghas

been set to 1 by a pre-
vious operation, if the
ACE contains 007110107
ang it 11100101 is added
to it, the ACH will con-
tain 11011011, not
110711090, Performing
that. addition, though,
resets the C flag to O,
because no carry 15 gener-
ated in the execuiion. Be-
cause af all this, tha in
struction is more props
erly called the ADRD
WITH {;AH!‘«"Y instrug-
ton. I that were the
complete stary, the situ-
ation would be. nearly
intolerable:  Adding two
rumbers might produce
pither of two results, de-
pending on whether the
€ flag had been set. or
reset as the result of
SOHTIE previous operation,
Fortunately, there's
MIGHTE.

InsEructions are avail-
abile which allow us 1o set
or clear {reset) the © flag
a5 we choose. These are
the 5ET CARRY (BEC)

and CLEAR CARRY

(CLEY  instructions. Un-
less we're: performing &
multiple-precision. -addi-
tion {add lower eight bits
of ihe numbers, generate

carry if appropriate, add

next higher eight bits of
the numbers and the
garry,  ete:l we should
always clear the C flag
before performing an
additian.

S0 far, so good, but
there's still mone to con-
sider shout the process of
addition..

I the ‘eight-bit Aum-
bers. which are  being
added are unsigned
binary rfumbers (1717
11112 represents 25510,
nat 190}, then the status
of the '© flay indicates
whether or not the result
af the: addition excesds
the range which can be
represented {0 to 255)
On the other hand, if

we're using signed binary.

naombers: (1111 11172
represents -11g). then the
C frag has no-significance.
In effect, we're sUmming
a pair of seven-bit num-

bers, since the eighth bits.

represent the signs of the
Aumbers:

All this was taken intg
account in the design of
the 6502, To understand
b, we first must recog
nize that the sight-bit re-
sult of the addition of

two eight-bit numbers is
ihe same;. regardless of
the. convention which
we're using, We merely
change the way in which
weinterpret the result.

What does depend on
the convention. which
we're using is the indica
tor which tells usif the
result s too large to reps
resent with one word. As
we've: geen, i we treat
the result a5 an unsigned
namber, the G flag is the
indicator.

The ER containg an-
other flag which is the
indicator if we treat the
result a5 g signed number..
It's call the owerffow (V)
flag. It's simply a flag
which indigates a carry
from  the seventh hits,
Unlike the C ftlag
thaugh, the: WV flag
doesn’t affect the result
of an addition. It merely
tells: us something about
that result. When the
6502 performs. an eddi-
tie, it sets or resets both
the Cand ' flags to their
appropriste values. We
must choose which fo
use.

The CLEAR OVER-
FLOW [CLWY) instruction

ACR 0000 0017

MEMORY 0000 1100 \

ACR [0 4 1§ E=0; ¥=D
ACH 0oon. 0t

MEMORY D111 1110

ACH 1000 0001 C=0 V=1
ACR 1111 11

MEMORY: 11101 111

ACR 1111 1100 (= o e
ACR 1000 0000

MEMERY 1000 0000

ACR 0000 0000 C=1 M=1

Fig. 17-1. Resulis of additions.
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altcws U5t reset: the: W
flag to 0.

Examples of additions
which actinvarious ways
an the Cand V' flags are
shown in Fig, 11-1,

Just ‘a5 there is an
ADD instruction, there is
also & SUBTRACT (with
‘borrow, SBC|  instrue-
tion, Unless we're per
forming a multiple-preci-
sion subtraction, we
should always st the ©
flag to 1 before the sub:
traction. The G502 per-
forms: the subtraction by
the methiod of two's
complements,

The C flag is set if the
resalt of a subtraction is
greater than of equal to
0. It's reset w0 if the
result a5 less
(& borrawl. The ¥ flag is
set if the result is outside:
the range #127 1o -128.
atherwise it is resef.

In addition  to per-
forming additions and
subtractions on  binary
numbers, the: 6502 also
will carry eut anzlagous
operations on BCD num
bers, T we st the deci-
mal {0} flag in the 5B by
using the SED instrue-
tign, then in any arithme-
tic operstions which are
carried out, the eight-bit
numbers will be inter-
preted as-a pair of BED
numbers,  In BCO . addi-
tian, ‘of course, a carry is
genergted if the result
exceeds: 9915 (1007

100721, We exit from the.

BOE: miode by Using the
CLEAR DEEIMAL
MEBE (CLEY instruc
tian.

Both immediate and
absolute  addressing can
be used with the ADGC
and SBE instructions.

The next instructions

B2

than ¢

which™ we'll examine
operate on the contents
of the ACR and a mem-
ory loeation. In that re-

spect’ they're similar ‘1o

the ‘instructions  which
weve already  examined,
However, unlike those
instructions, these don't
change the contents of

the ACR. Bather, they

merely set or reset flags
in the SR, depending on
the results of the epera-
tion,

The first of these is the
COMPARE [CMP) in-
struction. Executing this

instruction subtracts the

operand from the con-
ténts of the ACR. The Z
flag is set it the result is
0, etherwise the 2 flag is
reset. The N flag is set o
raset, depending on bit 7
of the result, in the way
which we'd expect, The
€ flag iz ser it the
operand 15 less than ar
aqual ta the contents of

the ACR, atherwise the ©

flag is reset. Either imme-
diate or absolute address-
ing can be used.

The second ot these
ingtructions, the BIT
TEST (BIT} instruction,
is simnikar exeept that a
logical rather than an
arithmetic  operation’ s
invoived, Execution of
thiz instruction ANDE the
operand with the con
tenits of the ACR, The 2
flaig is set if the result is
0, atherwise it is reset
The N flag and V Hagare
set- 10 the values of hit 7
and bit 6 of the ariginal
operand, respectively,
Immediate - addressing 15
not available

The mext instructions
which we'll -consider
operate an a3 -nwmber,
miwing all the individual

WG 13

& A

= ]
T ween S :
e
— .] . ,.._.]
¥ Rl & 3
e

Fig. 112 Effects of shift and rotate instructions.

bits without changing
their relative positions.
These are the SHIFT and

the: ROTATE instruc
Licns,
For example, the

SHIFT LEFT [ASL) in:
struction moves each bit
inthe ACR left by one
pasition. The most sigrif-
icant bit 15 shifted into
the G flag and an O is
placed in the east-signifi-
cant bit, as shown in Fig
T1-2ia). tf we clear the ©
fiag, load 10701070 nta
the  ACR, and execute
the ASL instruction, the
ACR then contains 01071
01_DI}, and the C flag is

g 8 Lol S

In this example; the
operand of the ASL in
struction is located in the
ACR and the instruction
is only one word loRg
Wi refer to this as acou-
mlatar adfdeessitg, since
the “address” of the
operandis the ACH.

The ASL instruction
affects the N, Z, and C
flags, setting or resetting
pach depending on the
results of the shift.

A SHIET BIGHT in-
structian (LSR) s also

camined o

avaitable. It “causes  the:
mianipulation  which s
shown in Fig. T1:2tbk
The LSR instruction
affects the M, £ and G
flags.’ It always resets the
N flag since a O is shifted
into the sigh bt

I§ we want 1o circulate.
the Bits in a number but
not loze any of them, we:
use ‘a ROTATE instrc-
tion.” For example, the
ROTATE LEFT (ROL)
instruction  causes the
mrarpulation:  which 5
shown in Fig: 11-2(e).

A ROTATE RIGHT
[ROR} cauges the manip-
wlatien which is shownin
Fig. 11:24d}.

The BOTATE instruc-
tions affect the N, Z and

iZ Hiags.

Most of the instruc:
tions  which we've ex-
this  paint
affect one or more of the
flags in the SR, The last
major set of instructions
which we'll discuss in this
chapter is comprised of
the  so-called BRAMCH
instructions, By means.of
these instructions, we can
cause: the system to éx
aming the resalts of a






Chapter 12
The Random-Access Memory

I page | of this-book, W Bt @ sl systemt and learimed 3 (itmle abour ;ngramnm@ it To this BT,
thociglt, e hawve det put [t fo practicat ase. In this: the sscond pare of the ook we Il change that. Well gt
the. system togood use i several apalications i the ham-shack. Along the way, we'lf add. mioce hardware and
ledrir more alicid the syseoem and fow to mragra it

The first hardware wiich we'll add s the subject of this chapter. [t 3 small, randor access memory
(BAML The name sl ail that hedpful in understanding wihat the device does, t's mare properly catled-a
read-write miemory, since the. P can wiite numbers inte It a8 well 45 read :ru.r:rbefs wiiel have beas weitten
inga it However; welf continue to referto it asa BAM becaise that’s the cammon practice

The Nesd For BAM

The RAM serves two
important  functions. in
our systemm. First it pro
vites 2 seratchpad for the
uP.. That 15, the uP can
stare information in the
RAM and recall it as
necessary, Of course, we
could accomplish the
same thing in the basic
systern by  tyiog  the
outputs of an output
port fp the inputs of an
input port, Howewer; the
ports then would- be-un-
available for other pur.
pases, and the method
wald be guite expensive
if we had 1o store more
than three or four num
bers sienusltanasusly.

The second Tunction
wihich the BAM serves s
e provide  temporary
storage  for  programs.

L

Whan we exceed the
storage capacity of the
BIFROM, we can wrike

the progrem oo the
BAM, We'll se how
that’s: done in 3 later
chapter.
The RAM IC

At the time this is

written, the most
straightforward  way  to
construct 3 RAM s lo
use MOS ICs which are
avaifable for the purpose,
Other completely - differ-
ent. components. which
canr be  used a5 stordge
elements -are. available,
but they are neither as
iNEXpPensVe POT Bs Con-
venient 1o usa,

Typleal RAM Hs
which are presently avail-
able 1o the hobbyist, cone
tain 1024 one-bit loce

tions. The way in which
the bits are ‘erganized
vartes- from ope HE 1o
another. For  axample,
we'll ose & pair of 2101
bEs, sach of which will
hold: 256 fourbit num-
bers: “The memory, then,
will hold 256 aight-bit
numbers. For some -pur-
poses this would be a
very small meémory, buat
1t will serve our invmedi-

ate needs. very nicely.
Later, we'll ‘sge how it
asd =i
b, &
i 5, i
s skl
% sfnz
s Y £
arf] wfone
wege o
andl e - Bziay
o] o] s
e ey
Fig. 121 P canfigura-

tigw of the 2107,

‘can be expanded.

The inputs and our
puts of the 2101 are
TTL:compatable, which
means that the device
will work properly with
tie EEEIE As long as the
POWET 15 NOL Turned off,
each location will retain
the  number which Wwe
stare there untd wastore
ancther pumiber. That i,
infermation s read out
noredestructively.

The pin configuration
af the 2101 s shown in
Fig. ¥2-1.

We can divide the pins
into five groups. The ficsy
contains pins B and 22,
the power conmeclions:

An eight-bit address s
applied to  the second
group, pins 1-7 and 21
{the aodress pins). 1F o
number is o be written



into  the memory, it's

‘applied ta the third
group, pins 8, 11, 13, and
15 (the data input pinsk.
If 2 number is 1o be read
from the memory, it
appears at pins 10, 13,
14, and 18 (the data out-
put pinsi,

Tiee fifth group of pins
in:ludaa thisn which are
usad to control the flow
of data 1o and from the
RAM. Two of these, pins
17 and 19, ‘are called
chipenable [GE] pins
Unless a high level is
applied to pin 17 and a
low level is applied to pin
18, the chip s effectively
disconnected  from  the
circuit.

Pin 18 is called the
Gutpul disable (0D) pin.
When a high level is
-applied-to-this pin; solid-
state switches within the
1€ are turned off; discon-
necting the data:out pins
from the memaory, Can-
versely, & low level turns

the switches on.
Pin 20 45 called the
réadiwrite  (BW] pin

Hewever, ta avoid con-
fusing it with the AW
lise of our system, well
~gall it the' WP pin, where
WP stands for write
pulse. When we want by
write -3 word intg the

negative-going | pulse to
the WP pin. O course,
othar pins must  have
been  taken 1o appro-
priate levels beﬁ:re rhe
pulse 15 applied 50 that
what we want to be writ-
benl s written' where we

want it,
The details of a
WRITE operstion are

comeniently summarized
i the timing diagram
which is shown in  Fig.
124

The' first poiRt to
notice about the diagram
i that after the applied

‘address has become stas

ble, we must wait a speci-
fied 1 ‘time befare |n|t|atmg
the write pulse In our
systern  this  causes ne
problem, since we can
use the B2 pulse train as
one of the mm!:s o the
gircuit which generates
the pulse. The address
which is generated by the
uP is applied to the
achdriess bus at the begin:
ming of a cycle, while the
rising edge of the corre
sponding 02 pulse dois
et occur until midway
in the cycle,

The second  point to
notice about the diagram
is- that the width of the
write pulse must be at
least - a certain minimLm

RaM,;, we -apply a walue This  causes. no
b bt
- R LT - - ey
e M ——— A e

= =i
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Fig: 123 Timing.ofa WRI TE ERE T,

problem. We can simply
adjust the clock gerera-
tor of the 6502 until a §2
pulse s as wide a5 re-
glaired.

The third point 1o no-
tice about the diggram is
that the GE and data
lines must be stable for a
specified time before the
trailing edge of the write
pulse occurs. This causes
o problem, | necessary,
we can simply adjust the
clock generator of the
BA02 to accommodate
the requirement,

The Fourth point to
notice about the diagram
is. that the address and
data lines must be stable
for specified times after
the: trailing edge of the
write pulss. This likeby
will cause no problem,
singe the B502 haolds
these lines stable for a
tirme - after the Falling edge
of the corrcsponding 02
pulse, We can minimize
the possibility of & prob-
lermn by introducing no
urnecessary delay in the
gircuit which generates
the write pulse. However,
if the lines aren’t stable
long ericsgh, we can pro-
long the tme shightly by
inserting buffers in the

‘address and data lines

Begause: of propagation
delays in' the baffers; the
liries at the mermories will
remain stable for an addi-

tional 50 nanoseconds-or
50, This iz a twoe-edged
swiord, though, Any such
detay will alsc retard the
mitial stabilization of the
data and address lmﬁ 50
that v may have to run
the system a little more
slowly than otherwise:
woald e the case.

A diagram which: sum:
marizes the timing that is
invalved in reading -a
number from the 2101 i
shown in Fig. 123, The
important point 1o notice
is that a specified time
st elapse between
when the applied address
becomes stable and when
the. number from the
2101 becomes valid. This
is called the access timme
of the memory, |t tells us
higw “fam”™ the marnar-.r
is, While the access fime
of the 2101 i 1000
nangseconds, another
version (the 21081} has
an access time of only
500 nanoseconds. Thus,
it - 2101-15 are used, the
clock tdenerator of the
6502 can be rin about
twice as fast as when
21015 are used.

The Interface
The circuit which we'll
use i order to interface
the 21015 o our system
is-shownin Fig. 124,
Three 4050 huffers are
used to drve the address

o
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Fig. 12-3. Timing af a READ aperation,
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and data inputs of the
Z10%s. During bread-
boarding, the overall
speed of the system ap-
parently could be -
creased when some [but
not all) 21015 were used,
by including the buffers.
1k resistors ane insert-
ed in the data lines in
order 1o protect  the
2101 and the 6502 from
each other i case of a
malfunction,

AL this point, the maore
advanced. resder  may
wonder why 21015 are
used rather than, say,
21115, The twa are: gimi:
lar except that in the
latter the input and out
put lines are tied together
within the. IC sol that
fewer connections are re-
quired, and the 15 are
physically soraller.

In . fact, there Is mo
reason. why 21115 can't
be used. However, be-
cause the 21075 have sep:
arate /0 leads, they were
more  useful  for other
{unrelated) purposes, so
that they were on hand
when the prototype was
built, Since: they cost no
more than other 4 X 256
IG5, 21115 included

g6

thers was no reason Aot
1o use therm.

The assignments af the
address and  data  lines
were chosen ont the hasis
of convenience in laying
out the PC beard. It
makes no difference
whether we use the same
labels as dees the manu-
factwrer, a5 long as we're
consistent, 1T we apply,
say, 1000 0101 te the
data bus and 0000 1111
to the address bus and

then apply a write pulse.

to the RAM, a particufar
pattern of bits will be
stored in- 2 particular: set
of locations. If we later
apply 0000 1117 o the
address bus; then 1010
0707 will again appesr an
the data bus and the bits
will be in the proper se-
Quence.

Four control  signals
‘are requived. 0 order to
properly  interface the
21015 Two of thesy are
GE signals. One must be a
high' fevel, and the other
mist be 2 low level for
the 21075 to be active,
The third is the OB sig
fal, which must be a low
level during a read opera
fion, The fourth is 3

negative-going pulse,

which is used in arder te
write 3 number into the
21015

Wuch earlier in the
book;: we adopted the
convention that for
addresses which invalve
the RAM, we'd use those
in which both AT4 and
A5 are low. Taking that
info  account, we. can
formulate the control sig-
nals as:

CE = A6
CE= Al4

0D = A15-A/W

WP = @02-F/W

Al4 can be used dirsctiy
as CE. The remaining
three: control signals are
derived By G BAG, =
quad two-input NAND
gate.

Mothing has: besn - said
about address lines
AB-AT3, since they're
not included in the de-
coding scheme; This cre-
ates a situation which is
analagous 1o that which
exists when a less-than-
Full-size DIPROM s uzed.
That is, each location in
the RAM can be ad:
dressed in more than.ane
way, since. we can placs
any ' combination of s
and Os.on address: lines
AB-ATE swith na effect,
When we discuss: the
ways fnowhich the RAM
can be sxpanded, we'll
consider this further. Far
the present, it's. conve
nmignt o arbitrarily  set

the unused address lines-

to O incoperations which
involve the RAN.

Construction

Those whe constrict
ed the basic system using
the PC layouts which are

included in this  bosok
have very little work o
do in adding the RAN. It
secupies the previously
unused circuit on the uP
board. The component
layout 15 shown in Fig,
12-5.

Those who chogse one
of the alternatives to PC
beard construction
sheould have' o sericus
problems. Al functions
of the RAN were bread:
boarded before the pro-
totype  was constructed.

Verifying Proper Opera-
tion

With the exception of
the 6502, all the' lCs in
the basie system provide
Fairly simple functions. If
such an 1C seems to be
defective, we can: check
that all possible comiina:
tions of inputy produce
the expected cutputs. A
moment’s reflection will
mdicate that an exhaus
tive test of the EAM
would  be rather time-
consuming.  We  would
have to write and read
each of 256 different
wards nto and put of
each of ZB6 different ho-
cations, and check that
no unaddressed location
tad been-affected by any

operation,  In the next
chapier, ‘after we've
learned. a hittle  more

about the capabilities of
the. systern, we'll write a
program which will test
the 2101s to a2 degree. In
the remainder of this
chapter, we'll  simply
verify that the ercuit is
wired properly,

This s most  easily
done by using the debug:
qing breadboard: 10 pro-
gram the lines. which
drive 12 RAG (6502 ourt
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Fig. 124 fnterice to RARM.

and data inputs of the
21015, During bread-
boarding. the owverall
speed of the system ap-
parently coold  be in-
creased when some [ but
ot all) 21015 were used,
by including the beffers.
1k resistors areg insert-
ed in the data lines in
order to protect the
2107% and the 6502 from
each other in case of a
matfunction.

At this paint, the maore
advanced reader may
wander why 21075 are
used rather than, say,
21175 The two are simi-
lar except that 'in the
latter the input and out:
putiines are tied fogether
within the 1C so. that
fewer connections are e
quired, ‘and the ICs are
physically smaller,

In fact, therd is no
reason why 21115 can’t
be wsed. However, be:
cause the 21015 have sep:
arate /0 Ieads, they were
more. useful  for other
[unrelated] purposes,  so
that they were on hand
when the prototype was
built. Since they cast no
mare than other 4 X256
ICs;, 21115 included,

G5

thiere was no reasen not
To use them,

The assigrniments of the
address and data lines
were chosen ion the hasis
of convenienee in laying
out the PG board. It
makes no difference
whether we use the same
labels as-does the manu-
facturer, ‘&5 long ag wa're
cansistent, [f we apply,
say, 1010 0101 o the
data bus and D000 1171
1o the address bus and
then apply a write pulse
ta tho RAM, a particular
pattern of bits will be
stored in-a particular set
of locations. 1f we later
apply 0000 1111 to the
address Bus, then 1010
0107 will again appear on
the data bus and the bits
will be in the proper se-
quence.

Four control  signals
are required o erder to
properly  interface the
21015, Twa of these are
CE signals. One must bea
high level, -and the other
must be a lew level for
the 21015 to be active.
The third is the OB sig-
nal, which must-be a low
lewel during a read opera-
tion. The fourth is a

negative-going pulse,
which is used in order to
write 3 number into the
21015,

Much earlier in the
book, we adopted  the
convention that for
addresses which involve
the RAM, we'd use those
in which both A14 and
A5 are low. Taking that
into account, we can
formulate the contrel sig-
nals as:

0D - A15-RW
WP =02 RW

A4 can be used directly
as CE. The remaining
three control signals are
derived by |G RAG, a
guad two-input MAND
gate.

Mothing has been said
about address lines
AB-AT13, since they're
not included in the de-
coding ‘scheme. This cre-

ales a situation which is

analagous to that which
exists when a | less-than-
full-size DIPHOM is dsed,
That is, each location in
the: RAM can be ad
dressed in more: than one
‘way, singe we can place
any combination of s
and Os on address lines
AB-ATE with ne effect,
When we discuss the
ways. incwhich the RAM
can  be expanded, we'll
consider this further. For
the  present, it's conve
nient 1o arbitrarily get
the unused address lines
to 05 in operations which
muvilue the BAM,

Caonstruction

Those who construet-
ed the basic system using
the PC layouts which ara

included  in this  book
have wery litde work to
doin adding the RAM. It
poeupies  the previeusly
unusad circuit on the uP
board, The component
layout is shown in Fig
12:5,

Those whio chose one
of the alternatives to PC
board coanstruction
should have no serious
problems. Al functions
of the RAM were bread-
boarded before the pro-
totype was' constructed.

Verifying Proper Opera-
tion

With the exception of
the G502, all the 1Cs in
the hasic system provide:
tairly simple functions, 11
such an 12 spems to be
defective, we can cheghk
that all possible combina-
tions of inputs produce
the expected outputs: A
mpment's rF,_'f[EE.tiurl will
indicate that an exhaus
tive test of the RAM
would  be rather Cime:
cansgming. . We  would
have to write and read
each of 2586 different
words inte and eul of
each of 256 diffarent lo.
cations,. and check that
mio- unaddressed location
had been affected by any

cperation. In the next
chapter, after we've
learned: a httle more:

about the capabilities of
the systen, we'll write a
pr:igram which il test
the 2101s toa degree. In
the remainder of this
chapter, we'll simply
verity that the sirguit is
wired properly.

This s most easily
done by using the debug:
ging breadboard 1o pro-
gram  the lines: which
drive |C RAB (B502 out
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